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Abstract

Several studies have concluded that a supersonic aircraft, if environmentally acceptable and eco-
nomically viable, could successfully compete in the 21st century marketplace. However, before
industry can commit to what is estimated as a 15-to-20 billion dollar investment, several barrier
issues must be resolved. In an effort to address these barrier issues, NASA and Industry teamed to
form theHigh-Speed Research (HSR) program. Aspart of thisHSR program, the Critical Propulsion
Components (CPC) element was created and assigned the task of devel oping those propul sion com-
ponent technologies necessary to: (1) reduce cruise emissions by a factor of 10 and (2) meet the
ever-increasing airport noise restrictions with an economically viable propul sion system. The CPC-
identified critical components were ultra-low-emission combustors, |ow-noise/high-performance
exhaust nozzles, |low-noisefans, and stable/high-performanceinlets. Propul sion cyclestudies(coor-
dinated with NA SA—L angley sponsored airplane studies) were conducted throughout this CPC pro-
gram to help evaluate candidate components and sel ect the best concepts for the more complex and
larger scale research efforts. The propulsion cycle and components ultimately selected were a
mixed-flow turbofan (MFTF) engine employing alean, premixed, prevaporized (L PP) combustor
coupled to atwo-dimensiona mixed compressioninlet and atwo-dimensional mixer/egjector nozzle.

The CPC program began in 1994 and was planned for completion in 2002. Unfortunately, in 1999
NASA chose to prematurely end the HSR program. Although terminated early, the HSR program
demonstrated that an economically viable and environmentally acceptable supersonic aircraft (and
propulsion system) was achievable. The purpose of thisdocument isto document the CPC findings
in support of those visionariesin the future who have the courage to once again pursue a supersonic
passenger airplane.

Due to the large amount of material presented in this report, it was prepared in four volumes:

Volumel:  Section 1-Summary
Section 2 — Introduction
Section 3 — Propulsion System Studies

Volume 2; Section 4 — Combustor
Volume 3: Section 5 — Exhaust Nozzle

Volume 4: Section 6 — Inlet
Section 7 — Fan/Inlet Acoustic Team
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Free-stream Mach number
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M14
M15

M155, M1s55

M16, Mg

M2
M21ID
M210D
M25
M3

M36
M4
M49
M5
M54

M55

MS56

M68
MAR
MCP
MCTCB

MDA
MDC
MDO
M-E, M/E
MFTF
MIDIS
MIT

MITCFA

MMC
Mn

XXViii

Mach number at bypass duct inlet

Mach number at bypass duct average
area

Maximum Mach number in fan duct
(bypass duct over rear frame)

Mach number at fan duct mixing
plane (fan/core mixer duct side)

Mach number at engineinlet
Mach number at fan discharge ID
Mach number at fan discharge OD
Mach number at compressor inlet

Mach number at compressor
discharge

Mach number at combustor inlet
Mach number at HPT vaneinlet
Mach number at LPT rotor 1 inlet
Mach number at LPT exit

Mach number at rear frame/diffuser
average area

Mach number at mixer entrance, core
stream

Mach number at mixer exit, core
stream

Mach number at miniaugmentor exit
Mixing arearatio (duct)
Modular component predictor

Mixed compression translating
centerbody (inlet)

McDonnell Douglas Aircraft
McDonnell Douglas Corporation
Multidiscipline optimization
Mixer/gjector (exhaust nozzle)
Mixed-flow turbofan
Mixer/gjector inlet distortion study

Massachusetts | nstitute of
Technology

MIT compound flow analysis
(computer program)

Metal-matrix composite

Mach number



MPC
MRA
M&S
MTF
MTOGW
MTOW
N1

N1C2

N2C2.5

N4
N5
NASA

NASA LaRC
NASA LeRC

NASTRAN
NATR

Nc, N¢
NCP

NFM

NOx

Noy

NPD
NPSS

NPR
NRA
OAC
OD
OEW

OEW-PR

oGV
OML

Multiple-component predictor
Multistage radial/axia
Materials and structure
Mid-tandem fan

Maximum takeoff gross weight
Maximum takeoff weight

L ow-pressure rotor speed

Low-pressure rotor speed corrected
to station 2

High-pressure rotor speed corrected
to station 25 (compressor inlet)

HP spool speed
L P spool speed

National Aeronautics and Space
Administration

NASA Langley Research Center

NASA Lewis Research Center (now
NASA Glenn)

Computer modeling software
Nozzle acoustic test rig
Corrected engine (shaft) speed
National cycle program
Nearly fully mixed

Oxides of nitrogen

Acoustic annoyance parameter
Noise power distance

Numerical propulsion-system
simulation

Nozzle pressureratio

NASA Research Announcement
Optimized aeroelastic concept
Outer diameter

Operating empty weight (no fuel, oil,
etc.)

OEW minus propulsion-system
weight

Outlet guide vane(s)

QOuter mold line
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OPR
P
P160Q56
Pse

PAI
PAIT

PCC
PDF
PDPA
PDR
PFPAE
PH3

PIC
PLIF
PLR
PMT
PMC
PNLT

P&O
PSET
PSl

PST

PT; PT
PT8

PT14
PT15

PT155

PT16

PT21
PT21A

XXIX

Overadl pressureratio

Pressure exiting bypass duct
Extraction ratio

Pressure exiting core engine
Propulsion/airframe integration

Propulsion/airframe integration
technology

Power code

Precision Castparts Co.

Probability density function

Phase Doppler particle analyzer
Preliminary design (or data) review
Perfluoropolyakylether

Tri-perfluoropolyalkylether-phenyl-
phosphine

Pressure-infiltration casting
Planar laser-induced fluoresence
Programmable lapse rate
Propulsion Management Team
Polymer-matrix composite

Tone-controlled perceived noise
level

Performance and operability
Propulsion System Evaluation Team

Propulsion system integration, also
Pressure Systems Inc.

Propulsion selection team
Total pressure

Exhaust gastotal pressure at nozzle
throat

Total pressure at bypass duct inlet

Total pressure at bypass duct average
area

Total pressure at bypass duct over
turbines and rear frame (mixer
entrance)

Total pressure at mixer exit, bypass
stream side

Total pressure at fan discharge

Average total pressure at fan
discharge



PT21ID Total pressure at fan discharge inner

diameter

PT21I1D Total pressure at fan discharge outer
diameter

PT25 Total pressure at compressor inlet

PT3 Total pressure at compressor
discharge

PT36, Pr3g Total pressure at compressor inlet

PT4 Total pressure at HPT vaneinlet

PT5 Total pressure at LPT exit

PT55 Total pressure at mixer entrance,
core stream side

PT56 Total pressure at mixer exit, core
stream side

PT68 Total pressure at miniaugmentor exit

PT7 Total pressure at convergent nozzle
inlet

PT8 Total Pressure at nozzle throat

PTC Preliminary technology
configuration

Q Dynamic pressure

R1 First-stage rotor

R2 Second-stage rotor

R3 Third-stage rotor

RAN Reynolds-averaged Navier—Stokes

RC Round convergent (exhaust nozzle)

RM Relative “ mixedness’

ROM Rough order of magnitude

RPM Revolutions per minute

RQL Rich (burn), quick (quench), lean
(burn)

RR Rolls Royce

RSQ Reduced-scale quench

RTI Reversing through inlet

RTO Refused takeoff

Rx4 HPT pitch reaction

SMTD STOL and maneuvering technology
demonstratior

S1 First-stage stator
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E
R
SAVE

A A

SCC
SCID

SDOF
SERN
SFC

SFCDAB
Slep

SLA
SLs
SLTO
SMFAN
SOAPP

SPFDB

T/b
T/IO

XXX

Second-stage stator

Third-stage stator

Society of Automotive Engineers
Suppressor arearatio

Systematic approach to value
engineering

Sizing-code calibration

Supersonic cruise integrated design
Sliding-chute nozzle

Stepped dome

Single degree of freedom
Single-expansion-ramp nozzle

Specific fuel consumption: 1bm of
fuel per hour per Ibf

SFC based on FNDAB
Stability index
Stereolithographic apparatus
Sea-level static

Sea level takeoff

Stall margin, fan

State-of-the-art performance
program (P& W)

Superplastic formed, diffusion
bonded

Sound power level
Separate reverser port
Supersonic cruise
Supersonic transport

System technology management
team

Short takeoff and landing
Sidewall

Substrate welding at elevated
temperature

Toa wing planform area
Southwest Research Institute
Supersonic wind tunnel
Thickness-to-chord ratio
Takeoff



T3 High-pressure compressor exit

temperature

Ty Combustor exit temperature

Ta1, Ta1 High-pressure turbine rotor inlet
temperature

TAC Total accumulated cycles

TBC Thermal-barrier coating

TBE Turbine bypass engine

TC Technology configuration

TCA Technology concept aircraft

TCB Tranglating centerbody (inlet)

TCE Technology concept engine

TCLA Turbine cooling air

TCS Turbulence control structure, also
technology concept solution

TE Trailing edge

TF Turbofan

TRV Turbofan-inverter flow valve

TI Technical integration (team)

TIC Transient inlet/compressor (model)

TJ Turbojet

THRV Turbojet-inverter flow valve

TLID Thrust-lapse parameter

T™MT Technology management team

TOBI Tangential on-board bleed injection

TOC Top of climb

TOGW Takeoff gross weight

TP3 GEAE performance-analysis
software

TPS Thermal -protection system, also
turbulence-prevention structure

TRF Turbine rear frame

TRL Technology readiness level

TSI Triton Systems Inc.

TT, Tt Total temperature

TT3 Compressor discharge total
temperature

TT4 Total temperature at HPT vane inlet
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TT4.1

T17
TT8

TTC

TTR
UHB
UHC
UPS
UTRC
VABI
VAM
VAMP
VCE
VCF
vVDC
VDVP
VEN
VEX
VG
VJIP
VP
W2AR
W5GR

WAE, Wag
WB3
WBS

WC

WG
WG36

Ws

XNH
XNL

XXX1

High-pressure turbine rotor inlet total
temperature

Augmentor-exit total temperature

Exhaust gas total temperature at
nozzle throat

Technology transition (or tracking)
chart

Total-temperature ratio

Ultrahigh bypass

Unburned hydrocarbons

Universal propulsion simulator
United Technology Research Center
Variable-area bypass injector
Variable-area mixer
Variable-areamixing plane
Variable-cycle engine
Variable-capacity fan
Variable-diameter centerbody
Variabl e-displacement vane pump
Variable exhaust nozzle
Variable-capacity fan, experimental
Variable geometry

Primary ideal jet velocity

Virginia Polytechnic Ingtitute
Engine corrected airflow

LPT exit gas flow function
Airflow

Engine airflow

Customer bleed

Work breskdown structure
Corrected airflow, also coolant flow
Air (gas) flow

Airflow at combustor inlet

Primary flow, Ibm/s

Secondary flow, lbm/s

Rotor speed (high-pressure spool)
Rotor speed (low-pressure spool)






4.0 Combustor

4.1 Overview

A key issue in the development of the High Speed Civil Transport (HSCT) was environmental
acceptability. Of particular concern wastheimpact of combustion-generated nitrogen oxides (NOXx)
emissions on the stratospheric ozone layer. Thus, a significant portion of the development cycle
focused on NOx reductionsat supersonic cruiseflight conditions. However, to maintain commercial
viability, emissions at subsonic cruise had to be at least as good as current engines in the subsonic
fleet. Additionally, increasingly stringent airport-vicinity emissionsrestrictionshad to be addressed.
Reliability, durability, cost, weight, and performance are also critical to commercial viability. These
were the primary drivers of the technology development performed under this contract.

To meet these requirements, three fundamental combustor concepts were considered: lean direct
injection (LDI), lean premixed prevaporized (LPP), and rich/quench/lean (RQL). NASA-Glenn
(with GEAE assistance) would be the focal point of LDI development. GEAE and P& W would be
the focal points for LPP and RQL development, respectively. Each would require a significant
development effort to even have a chance of achieving the stringent requirements set forth in the
contract. Each had advantages to be exploited and disadvantages to be overcome. Assessments
would then have to be made regarding the designs that best optimize the tradeoffs necessary to
produce a commercialy viable engine. These assessments would be made through a series of
“downselects’ to reach the final combustor design.

In the end, the LPP design was selected for final development. After an intricate series of tests, the
design demonstrated emissions and operability that met levels set forth in the contract. Although
other concepts showed significant promisein some areas, they tended to fall short in meeting all the
goals of the program. The development of each of the concepts will be discussed herein.

Thisportion of thereport will detail the devel opment of acombustor for theHSCT engine. LDI, LPP,
and RQL conceptswill bediscussed, along with the results of amultitude of tests performed on each.
Theprimary downsel ectsal ong the devel opment path will be discussed to demonstrate the complex-
ity of the tradeoffs. Finally, the primary combustor design selected will be presented.

4.1.1 Combustor Goals, Objectives, Challenges, Approaches, and Programs

Initiation of the devel opment program began with theissuance of the Goal's, Objectives, Challenges,
Approaches, and Programs (GOCAP) chart, Figure 1. This chart was created to ensure that all
participants were striving for the same goals and understood the primary challenges of the program
— and to help minimize straying from the primary development path. The chart is a high-level
overview of the process used to meet the program goals for a combustor for an HSCT engine.

4.1.2 Combustor Logic

The HSCT combustor development logicis summarized in Figure 2. Ideally, single-cup and flame-
tube tests would be used to evaluate avariety of subcomponent designs for the combustor. The best
designs at a given point in time would then be put into a sector to study the impact of interactions
between the subcomponents. As development continued at the subcomponent level and a better
understanding of theinteractionswas achieved with sectors, improvementsand new conceptswould
be developed. At specified intervals in the program, downselects would occur. These primarily
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Goals Low Emissions Combustion
|
|
NOx < 5 El
Objectives Efficiency > 99.9%
at Supersonic Cruise
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Material/Design
|
Program | |
[LDI| [sD||[MRA| |wall || Reduced || Quench CcMC | | Metal
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Figure 1. Combustor GOCAP Chart
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Figure 2. Combustor Development Logic Diagram
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included alean downsel ect between the stepped-dome and multistage radial/axial (MRA) concepts
(describedindetail later inthisreport) and aL evel |1 downselect between the LPPand RQL concepts
(also described in detail later in this report). Following downselect, design and fabrication of a
full-scale LPP sector would compl ete the program.

4.1.3 Combustor Metrics

The metrics used to track the progress of the combustor program and to select the final design are
listed in Table 1. Generally, the criteria cover emissions, performance, and product-viability issues
critical to program success. These would be the primary selection criteria used in each of the
intermediate downselects as well as the final LPP/RQL downsel ect.

Table 1. Combustor Downselect Criteria

Combustor Downselect Criteria Requirement
Emissions Supersonic Cruise [ NOx <5 El (g/kg Fuel)
and Combustion Efficiency > 99.9%
Performance
Subsonic Cruise NOx < 10 ElI (Typical Subsonic Aircraft)
Combustion Efficiency | > 99% (Typical Subsonic Aircraft)
Airport Vicinity NOXx (Supersonic*) < 5 lbm/klbm—"F-hr
(Lg‘g;”ggz';?gfs CO (Supersonic?) < 7.8 Ibm/klbm—°F—hr
UHC (Supersonic*) < 1 lbm/klbm—°"F-hr
NOXx (Subsonic**) <64.3 g/kN
CO (Subsonic**) <118 g/kN
UHC (Subsonic**) <19.6 g/kN
Particulates per cm3 of Exhaust Gas 107 (Typical Subsonic Aircraft)
Transient Stability (Autoignition, Flashbacks)
Combustor Blowout Margin > 0.1 Equivalence Ratio Units
Altitude Relight
Profile and Pattern Factor < 5%
Combustor Overall Pressure Loss
Fuel System Coking
Compressor Distortion
Product Safety
Viability Complexity
Combustor Dynamics
Controls Stability
Maintainability
Component Life
Reliability
Initial Cost and Producibility
Size and Weight
Repairability
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4.2 Historical Progression of Concepts Development

Lean and RQL systems have been studied for a number of
years. The ability to produce low NOXx at very lean and very
rich equivalenceratiosis clearly demonstrated in the classic
bell-shaped curve of Figure 3. Traditional engines have op-
erated with diffusion flames— burning essentially stoichio-
metrically. These were fairly simple, straightforward sys-
tems, but they produced high levels of NOx. With the strong
push towards reduced pollutant emissions over the last few
decades, alternative methods had to be considered. Although 0 0.5 1.0 15
marineand ground-based industrial systemswereabletouse Equivalence Ratio, ¢
water injection or catalytic systems to reduce emissions,

such technigues are not generally viable alternatives for use

in jet engines. This led to the development of many of the  Figure 3. Variation of NOx With
lean- and rich-burning alternatives in use today. Equivalence Ratio

Low emissions are especialy critical for the HSCT because supersonic flight would be at altitudes
in which exhaust gases are discharged directly into the stratosphere. At the same time, airport
landing/takeoff (LTO) emissionsrequirementscontinueto be made morestringent. Thustheengines
must operate efficiently over theentireLTO cyclefromlow-power groundidleto full-power takeoff.

NOx

Three fundamentally different concepts were considered for low-emissions combustors. The first
was aLDI systeminwhich fuel israpidly atomized and mixed with air at lean fuel/air ratios prior
to burning. The lean mixture produces low NOX, as long as the mixture is well atomized and
uniformly mixed. The second concept isaL PP system. It issimilar to LDI in that fuel and air are
mixed at lean fuel/air ratios, but it uses along premixing chamber to allow the fuel and air mixture
timeto morefully vaporize and premix before entering the combustion zone. Finally, RQL concepts
were considered. In these designs, fuel and air are initially mixed and burned at very rich fuel/air
ratios. Thegasesarethen rapidly mixed with additional air, in the guench zone, beforeburning again
at very lean overall fuel/air ratios. A variety of designs were considered for each of the LDI, LPPR,
and RQL concepts, as summarized in the following subsections.

4.2.1 Lean Combustion Systems

Several combustor configurations were considered for the HSCT engine. Initial consideration was
given to direct modifications of current combustor designs, but meeting stringent supersonic cruise
emissions requirements under such severe operating conditions proved difficult. Significant
advancements were clearly necessary, so LDI and LPP systems were considered.

Lean direct injectors tested under this contract were of “multiventuri” form. The designs consisted
of an axial or radial swirler, aspray nozzle forming a centerbody within the cavity, aventuri throat,
and a short expansion region feeding into the main combustor (Figures 4 and 5). The spray nozzle
injects fuel near the venturi throat, where the high-swirl and high-velocity air rapidly atomize the
fuel. Theintentisto atomizethefuel asquickly and uniformly aspossibleprior toinjectingit directly
into the combustion zone. As long as the fuel/air mixture is lean, well-atomized, and uniformly
mixed, emissionswill behave similar to those of premixed systems; NOx levels should below even
at severe operating conditions. Unfortunately producing awell-atomized, uniform mixturein avery
short distance is extremely difficult. Thisled to consideration of LPP systems as alternatives.
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Axial Swirler

T \ Simplex Nozzle
A Simplex Fuel Injector
ey /
Venturi Swirler Venturi
Figure 4. Axially Swirled LDI Concept Figure 5. Radially Swirled LDI Concept

LPP systems can be designed in a variety of shapes and forms. Some tend to be similar to LDI
injectorsin that swirlers are used to improve mixing and stability. A venturi is generally not used,
and overall length isoften added to allow moretimefor fuel vaporization and premixing. Thishelps
ensure that the fuel/air mixture is properly “prepared” prior to entering the combustion chamber,
producing low emissions. However, the use of swirlers creates problems in physically trying to
package the injectors into the dome. Because of the high blockage of the swirlers, they must be
relatively large to pass sufficient air into the combustor. Thus, the L PP concepts studied under this
contract did not useswirlers. Instead, asimpl e, long mixing tubewas used to produce aprevaporized,
uniform fuel/air mixture (Figure 6). The mixing length is limited by autoignition concerns, poten-
tially limiting the compl eteness of the premixing and prevaporization. Thisisdirectly reflected in
the emissions. These tubes were referred to as integrated mixer/flameholder (IMFH) designs.

\ [ J

Airfow —3 < Fuel Injection Dome Cooling Air Injection

Figure 6. LPP Main Stage Integrated Mixer/Flameholder Concept

LDI systems have the advantage of being much shorter and inherently more stable than the LPP
systems considered here. However, they can be costly and difficult to package because of complex-
ity. Also, with the small passages in the LDI fuel nozzles, required to produce the finely atomized
spray, coking becomes a concern (similar concerns exist for some of the L PP systems studied).

LDI and LPP systemstend to have relatively poor combustion efficiency at low power. Thisisan
artifact of generally poor stability at |ow operating temperatures. Although LDI injectors are much
more stablethan the LPP and IMFH designs considered here, they really do not providetherequired
stability for practical use in an engine. Thus, in both systems the addition of a pilot stage was
assessed. A cyclone pilot was chosen, since that concept provides extremely stable operation even
at very low power. However, since it also had to produce low NOx at high power, significant
development would be required to make the design feasible.

The cyclone pilots chosen were basically hybrids of the LDI and L PP concepts. Asshownin Figure
7, thepilot consistsof aradial swirler, acenterbody with anumber of plainjet fuel injectors, athroat,
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and a short diverging section feeding into the

combustor. Thisisvery much likethe LDI con- — _L/

cepts described above, except fuel is injected [ & ;
O

radially outward at the midheight of the swirler,

rather than being injected through a spray Figure 7. LPP Cyclone Pilot

nozzle at the throat. By injecting further up- Concept

stream, moretimeisalowed for premixing and

O
vaporization, along thelinesof L PP concepts. A \&\\ . T\

pilot stagewasadded to each L DI and L PP com-
bustor concept under consideration.

Three basic lean combustor systems were considered for advanced development: an LDI stepped
dome, an L PP stepped dome, and an L PP multistage radial/axial configuration. Variations of each
concept are described in the following paragraphs.

LDI Stepped Dome Concepts — Several LDI combustor concepts were considered for develop-
ment, asshownin Figure 8. All werevariationsof what wasreferred to asa“ stepped dome” concept,
inwhich at |east one of the annular sections of the dome was recessed rel ativeto the others. Because
the interactions between burning stages and “cold” air from unfired stages typically has adverse
effects on low-power CO emission, the dome was recessed to help isolate the pilots from the other
injectors. Thisisespecially important at [ow power, where CO and unburned hydrocarbon emissions
tend to be of greatest concern. Therecessed dometypically contained the cyclone pilots, whichwere
used for improved stability. In some cases, each stage of L DI injectors wasisolated from the others
by additional steps in the dome. As shown in Figure 8, LDI injectors in a variety of sizes and
arrangements were considered.

LPP Stepped Dome Concepts — The LPP stepped-dome combustor concepts (Figures 9) were
nearly identical to the LDI stepped-dome concepts. In general, the cyclone pilots were the same as
thoseused inthe L DI concepts, and the L DI injectorsweresimply replaced by IMFH tubes. Because
theIMFH tubesarelonger thanthe LDI injectors, the overall length of the combustor al so increased.
Thiswas undesirable but was atradeoff that had to be considered in order to addressthe high-power
NOXx requirements. Each of the L PP concepts used essentially the sameinternal components (IMFH
tubes and cyclone pilots) but arranged in different quantities and patterns within the combustor.

L PP Multistage Radial/Axial Concepts— The LPP MRA combustor concepts were really varia-
tionsof the L PP stepped-dome designs, except that the cyclone pil ot stagewas moved fromthemain
dome to an outboard position. Multiple concepts were considered, as shown in Figures 10 and 11.
Early designs attempted to maintain staging isolation by angling the main dome to effectively
introduce “ steps” between each row of IMFH tubes, and to angle the pilot stagerelative to themain
dome. From amechanical standpoint, thiswasundesirable, and thesimpler vertical domewith pilots
pointing radially inward was introduced (Concept 4 in Figure 10). The main concern with this
simplified design was that all staging isolation was lost; low-power CO was expected to be higher
than with the alternative designs because the burning pilot gases were directly interacting with the
unfired IMFH air (such asat ground idle). Additionally, because of the outboard pilot, exit tempera-
ture profilesat partially staged conditionswere expected to be outer-peaked. Thiswasvery undesir-
ablefor turbine efficiency. Conversely, thiswas one of the advantages of the stepped-dome designs.
at low power, exit profiles would be essentially center-peaked, the preferred result. However, by
locating the pilots perpendicular to the main dome, it wasfelt that the IMFH stages could burn more
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Figure 8. LDI Combustor Concepts
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Figure 9. LPP Combustor Concepts
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Figure 10. LPP MRA Combustor Concepts 1-4
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Figure 11. LPP MRA Combustor Concept 5

efficiently at low to moderate power, asthe pilotswould essentially act asaconstant ignition source.
Additionally, at high power, with all stagesfired, theintense interactions between the burning gases
from the pilotsand main stages could very well hel p ensure maximum efficiency and low emissions.
MRA Concept 4 wastested heavily and met supersonic cruise emissionsrequirements. Thiswasthe
concept choseninthe LPP/RQL downselect. Thedesign shownin Figure 11 waseventually selected
for final full-scale devel opment.

4.2.2 Rich-Quench, Lean-Combustion Systems

Development of the RQL combustion system was considered a natural progression from state-of -
the-art aircraft gasturbine combustors. Historically, many combustorsusearich-front-end approach
to provide good operability and efficiency at low-power conditions while remaining operable with
simple or no control requirements over a wide range of conditions required for safe, dependable
aircraft operation. However, significant optimization would be required to meet the emissions
requirements for this advanced application.

Optimization towards reduced emissions drives combustor design to a single zone of combustion
air additionto minimizeor eliminate thetime spent at or near stoichiometric burning conditions. The
intent isto form arich zone of combustion in the front end to provide flame stability while accom-
plishing approximately 50% of the energy release from partially burning the fuel in an oxygen-
starved environment — without creating any NOx emissions. Because of the nature of the chemical
kinetics of rich reactions, theinherent lack of oxygen yields combustion products primarily consist-
ing of CO with essentially no NOx formed. Then the remaining combustion air is added, asrapidly
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as possible, in the quench zone to enable the reactions to complete to CO», thereby providing the
remaining energy release. Thisair isadded asrapidly as possible to minimize combustion residence
time near stoi chiometric conditions and thus minimize the formation of NOx that occurs at the high
temperatures commensurate with stoichiometric burning in an environment that has nitrogen (N»)
and excess oxygen (O5).

Theair addition or quench zone progressed in devel opment to configurationsthat could allow more
rapid air addition and mixing. Initial configurations of the RQL combustor were categorized as
“wall-jet.” They featured relatively large combustion air jets that penetrate to the center region of
the combustor from the walls. These wall-jet configurations could be embodied in annular or “can”
combustor configurations. It is noteworthy that, at the region of wall-jet air addition, the combustor
walls would typically be necked down into a “wasp waist” to aid penetration and mixing of the
combustion air jet and reduce the jet penetration and mixing time.

Further development and optimization of the quench air addition zone led to the introduction of
reduced-scale quench (RSQ). In these configurations, the rich combustion effluent would be ex-
hausted in smaller, channel-like regions, and the quench air would be directed into the flowpath
through an increased number of combustion holes, smaller relative to the typical size of awall-jet
combustion hole. The smaller, narrower, channel-like quench regions and smaller combustion
guench hole sizes would improve mixing and reduce residence time at stoichiometric conditions,
thereby further reducing NOx emissions. Two forms of combustion systems were developed: (1)
aconvoluted liner approach and (2) a quench vane approach. In the convoluted liner approach, the
walls of the combustor would convolute the rich-zone air into small channels while the quench air
would convectively cool the convoluted surfaces that would essentially protrude into the hot-gas
path. In the quench vane approach, a vane, similar to a turbine vane, would protrude into the
flowpath, segregating the rich effluent into narrow, radially oriented channels while enabling the
guench air to be injected from the side wall of the vane.

All RQL configurations used traditional fuel injector designs, either air-blast or radial jet injection,
to provide shear layer mixing in swirl-stabilized, front-end flow fields. Thethreebasic rich combus-
tion systems are described in greater detail in the following subsections.

4.2.2.1 Wall-Jet Combustion Systems

Wall-jet configurations were considered for development as both annular and modular front-end
regions. Initially, weight considerations and flame propagation during an ignition sequence drove
the design process towards an annular front-end approach (Figure 12). However, early sector rig
tests, conducted as precursorsto thisparticular program, showed that amodul ar approach to wall-jet
RQL combustors had a higher potential for achieving the low-emissions goals. This modular ap-
proach had the added advantage of eliminating injector-to-injector interactionsthat could have been
the cause of the poorer emissions performance of these early configurations (Figures 13 through 16).
Furthermore, concept development could be conducted in single module test vehicles since emis-
sions results would be independent of module-to-module interactions.

4.2.2.2 Reduced-Scale Quench, Convoluted Liner

To meet the stringent NOx emissions for the HSCT application, it became apparent that a modular
wall-jet configuration in aproduct-like design would not be practical. It was necessary to reducethe
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Figure 14. RQL Wall-Jet Front-End Rich/Quench Zone Module, Aft Looking Forward

Rear Cooling Jacket

Front Cooling Jacket

) ) Quench Vanes
Rich Zone Liner

Figure 15. Rich/Quench Module Assembly, Wall-Jet Configuration
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Figure 16. RQL Wall-Jet Combustor with Modular Front-End Rich/Quench Zone

size of the combustion jets to improving mixing and shorten the time required to add and mix the
guench air to the combustion processto further reduce the emissionsof the rich combustion systems.
Because of the modular design that evolved for the RQL combustion systems, implementation of
an RSQ approach resulted in convol uting theaft end of therich-zoneliner to providemore perimeter/
surface areain which to add the quench air — in what would now be an increased number of smaller
combustion jets.

As the number of quench orifices increased, it became apparent that individual, mechanically
attached, quench/turning vanes such as those used in the wall-jet configuration would not be feasi-
ble. The small-scale turning features were cast into a single quench plate structure but essentially
performed the same process; to turn the quench air that was convectively cooling therich zoneliner
into discreet jets that would penetrate the rich effluent. A typical module geometry is shown in
Figures 17 and 18. Asthis concept evolved, it was found that significant tailoring of the quench air
addition orifices was necessary to enforce uniformity at the quench plane region. It also became
necessary to consider narrower guench channel regions. Application of thermal-barrier coating to
the flowpath surfaces of the convoluted rich zone liner became a challenge as the convolutions
narrowed. Thischallengewasbest addressed through the use of quench vanesthat could beindividu-
ally manufactured (including application of thermal-barrier coatings to the external vane flowpath
surfaces). It was also presumed that the flowfield approaching the quench plane region could be
made more uniform as the flow was channeled between quench vanes.

NASA/CR—2005-213584/VOL2 14



Figure 17. RQL RSQ/Convoluted Liner Front-End Rich/Quench
Zone Module, Aft Looking Forward

Rich-Zone Liner
(Convection Cooled)

Rich-Zone Airflow

and Fuel —
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Cooling Jacket

Small-Scale Quench Jets
for Reduced NOXx

Figure 18. Rich/Quench Module Assembly — RSQ/Convoluted Liner Configuration
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4.2.2.3 Reduced-Scale Quench, Quench Vane

Implementation of quench vanes into an RQL combustion system enabled reconsideration of an
annular front-end rich zone because the quench vanes areinserted into the flowpath and, at the same
time, the use of a vane structure would isolate the quench region processes from any potential
interactions with the front-end flowfields. At approximately the same time in the development
process, the concept of fuel shifting wasevolved and eliminated the need to incorporate ahigher risk
air-management system such as avariable-geometry fuel injector. Instead, alow-risk fuel-manage-
ment approach, fuel shifting between two radially positioned front end regions, could achieve the
same goal sof enabling low-emissionsoperation throughout theflight cycleand avoiding local flame
conditionsthat would impact the durability of the combustor liners. Theresultant full-scale combus-
tor configuration for the 3770.54 engine cycle that incorporates dual-radial, annular, rich front ends
with RSQ/quench vanesis shown in Figure 19. This became the ultimate embodiment of the RQL
combustion system for HSCT application.

4.3 Design and Analysis Methods and Tools

Every development process goes through a series of design iterations. The iterations often result
from tradeoffsthat arise among aerodynamic, thermodynamic, heat transfer, and mechanical issues.
An acceptabl e balance must must sati sfy the often conflicting needsto meet emissionsrequirements,
efficiently operate the engine, meet hardware life and reliability requirements, and hold weight and
costs to acceptable levels. The concepts discussed in the previous subsections had to be analyzed
to determine which should be considered for physical testing and final development. Many design
methods and analysistool swererequired, not only because both aerothermal and mechanical issues
had to be addressed but also because multiple lean and RQL concepts were under consideration.

Conventional Fuel System Reliably Quench Vanes for Low Emissions at High Power
Prevents Coking by Maintaining

Fuel Flow to All Fuel Nozzles

Transition Zone
for Exit Profile

Dual Radial Combustors Using Fuel Shifting
Technology for LTO Emissions and Operability

Figure 19. RQL Combustor with RSQ/Quench-Vane Configuration
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4.3.1 Lean Premixed/Prevaporized Concepts

Multiple design toolswere used in the devel opment of the L PP combustor concepts. Theseincluded
off-the-shelf and in-house programs. The latter were usually required because of the specialized
nature of many of thedesign features. Wherever possible, off-the-shelf tool swere used because they
generally offer lower cost and more universal acceptance.

4.3.1.1 Combustor Definition

The primary flow parameters and thermodynamic requirements of the combustor were defined
using complex industry computational tools that ensure all components of the engine are matched
appropriately to provide the desired enginethrust characteristics. Theinternal flow distribution and
resulting geometric requirementsfor the combustor itself were determined by devel oping aspecial-
ized program in MathCad. Using in-house design practices as a guide, the appropriate estimates,
limitations, requirements, and prediction capabilities were added to the program. In this phase,
simple empirical correlations were used for emissions predictions. Arrays were used such that
calculations could be made at all of the key cycle pointsin theflight envelope. The program was set
up to allow various geometric features and internal flows to be altered in order to minimize emis-
sions. This was also accomplished by changing the number of fuel stages and the staging points.
Staging was limited on the low end by lean blowout (or high CO and HC and the related poor
combustion efficiency) and at the high end by hardware temperature limitations and high NOx
(potentially by high CO as well, if flame temperatures were moving up the equilibrium line). A
higher number of stagesimproves emissions but clearly adds engine complexity, weight, and cost.

Once defined, an in-house computational fluid dynamics (CFD) code was used to predict emissions
andexit profiles. Thiswasacomplex 3D code capabl e of providing detailed insight into subcompon-
ent interactionsand overall combustor flow characteristicsthat simple empirical correlationscannot
predict. These predictions were still limited, however, since some inputs and boundary conditions
areuncertain, or even subjective. Thus, once aconcept had been devel oped which appeared to meet
the desired emissions and operability targets, hardware had to be fabricated and tested. Theinitial
and boundary conditions of the CFD code were then modified such that the predicted emissions
matched measurements. Once anchored, the code could be used to predict emissions and profiles
at other operating conditions, and for similar conceptual designs, with higher confidence.

4.3.1.2 Subcomponent Development

TheMathCad program described above provided theinternal flow distribution, effectiveflow areas,
and staging requirementsfor the combustor. It did not, however, design each of the subcomponents
infinedetail. Primary featuresweretheinner and outer liners, sidewalls(for sectors), themain dome
and IMFH tubes, cyclone pilots, and the main fuel nozzle and injectors. They would have to be
designed for proper air and fuel flows, resistance to autoignition and flashback, proper cooling to
maintain hardware temperature limitations, and geometric features to minimize internal stresses.

Most features of the combustor were simply sized to meet the geometric requirements of the system.
In many cases, aflow coefficient could be estimated to increase the physical dimensions such that
the proper effective arearesulted. In other cases, amore complex in-house computational code was
used that not only empirically calculated flow coefficients but also linked the subcomponentsin a
network and calculated the resulting internal pressure distribution. The final results of the model
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provided the designer with physical areas needed to properly size each subcomponent. This method
was used for all features except the cyclone pilot, which required a more specialized design tool.

For detailed design of the cyclone pilot, another in-house MathCad program was used. Knowing the
effective area required, and providing initial sizing inputs on specific features, the program will
output all remaining sizing information. Fuel/air residence time and the cyclone swirl number are
two of themain parametersthat aremonitored sincethey relateto autoignition and stability. Geomet-
ric results are also monitored for interferences, flow limitations, and general desirability. Initial
inputs to the program are manually changed until residence times, swirl numbers, and geometric
features al meet design preferences.

Design of the main fuel nozzle also required specia techniques. Because of concerns over fuel
coking in the passages, 1D bulk heat pickup analyseswere performed to monitor fuel temperatures.
Passages were sized and cooling methods implemented to keep heat pickup to a minimum while
passing through the nozzle. Stress and vibration analyses were al so performed to ensure that vibra-
tional modes did not correspond with acoustic frequencies anticipated for the combustor. ANSY S
was the primary tool used for the vibration and stress analyses.

Once all the physical sizes of theinternal features had been determined, stress and thermal analyses
were performed. The in-house CFD code and off-the-shelf P/Thermal and ANSY S software were
the primary tools used in this phase. The CFD model was used to predict worst case temperatures
and heat transfer coefficients in the combustor hot section. This information was then used for
boundary conditionsin P/Thermal and ANSY Sto produce stressfieldsin each part. If the resulting
stresses and temperatures were unacceptable, cooling and hardware designs were modified. The
process was iterative until the parts met the necessary life requirements.

4.3.1.3 Controls

The fundamental control system was to be a straightforward design. In general, it would be very
similar to the MathCad program used to design the combustor itself. The primary functions would
beto control total fuel flow ratesand to turn fuel flow on and off to specific portions of the combustor
at the appropriate staging pointsin the engine cycle. Thiswould provide the engine with the proper
fuel flow to producetherequired T4 into the turbine. Staging would allow the combustor to provide
the needed T4 while minimizing emissions and ensuring stability. Total fuel flow would be set using
a standard fuel pump and feedback control system. Fuel staging would be accomplished with a
staging valvelocated on top of each of thefuel nozzles. Thevalvewouldisol atethe stagesand would
be hydraulically actuated to open or close as necessary to fuel the appropriate number of stages.

4.3.1.4 Supporting Technology

Though not a part of the combustor itself, the inlet diffuser (located just aft of Plane 3.0) was also
an important component of the engine. This feature was used to reduce the flow velocity entering
the combustor without inducing the significant pressurel osses associated with asimpledump design
(a sudden expansion with no divergent transition ahead of it). The diffuser was designed using
in-house correlations and models to meet specified pressure loss limitations for the given engine
flows. Theresulting multipassage diffuser wasrel atively complex from amanufacturing standpoint,
but aerodynamically it performed up to expectations in multiple tests.

Finally, analytical tools were developed to help predict acoustics in the combustor. The design
program is FORTRAN based, into which geometric features and thermodynamic inputs are placed.
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The program predicts mode shape, amplitude, and frequency. Unsteady heat rel ease and impedance
(boundary condition) models are included. The model was anchored to acoustic data from one of
the L PP sector tests in order to predict acoustics in future sectors and full-annular systems.

4.3.2 Rich-Quench, Lean-Combustion Concepts
4.3.2.1 Combustor Definition

Combustor effort at P& W focused on the RQL concept, Figures 13 and 16 (pages 12 and 14). This
concept incorporates separated zones of combustion to preserve stability while controlling emis-
sions. Thecombustion processisinitiated in afuel-rich zone and completed in afuel-lean zone, with
arapid transition between. All of the fuel isintroduced in the rich zone but with only afraction of
theair required for complete combustion. The rich-combustion process providesstability and, being
deficient in oxygen, completes a significant portion of the overall energy release without forming
oxides of nitrogen. The combustion products proceed to a quench section where the remainder of
the combustion air isintroduced in arapid, intense, mixing process. The downstream lean zone is
used to complete CO and soot burn-off. NOx emissionswill be low only if the quench or transition
process between the zones is sufficiently vigorous to avoid significant flow residence time near
stoichiometric mixture proportions. Subscal e testing of a single injector or modular version of the
RQL combustor at the HSCT engine supersonic cruise operating conditions has demonstrated the
low-emissions potential of this concept and generated a significant design database. As shown in
Figures 13 and 16, theinitially preferred configuration of the combustor incorporated circumferen-
tially spaced modules composing the rich and quench zones followed by an annular lean zone.

For the HSCT engine application, the aerothermal design point of the RQL combustor is the
supersonic cruise condition. Evaluations performed in prior flametubetestsindicate that the equiva-
lenceratio in therich zone should be between 1.6 to 2.0, which is sufficiently high to preclude NOx
emissions at the exit of the rich zone while minimizing the proclivity for smoke formation. To
minimize NOXx production in the quench and lean zones, liner cooling airflow to the lean zone is
minimized and the remainder of the combustor air enters through the quench air system. This air
serves adual function; it provides convective cooling of the rich-zone liner while being directed to
the quench section by an enclosing hood. Based on an overall fuel/air ratio of 0.030 at nominal
supersonic cruise, these considerationslead to acombustor airflow distribution of about 22%to 24%
in the rich zone, 71% to 73% through the quench system, and 5% for Iean-zone liner cooling.

4.3.2.2 Control Modes

Two control modes for the RQL combustor were evaluated fuel injectors with variable-geometry
airflow paths and fuel shifting; the latter was ultimately selected.

Variable Geometry

Whilethe airflow distribution cited above is optimized from the point of view of supersonic cruise
operation, astheengineisoperated at fuel/air ratioslessthan supersonic cruise, the mixture strength
in the rich zone would approach and eventually pass through stoichiometric proportions. Since the
highest gastemperatures occur in the products of stoi chiometric or near-stoi chiometric combustion,
steady-state operation at points in this regime could have adverse effects on durability of the
rich-zone liner and on the emissions output at some intermediate power levels.
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A second prohibited region occurs at low overall engine fuel/air ratios and high rich-zone equiva-
lenceratios. Thisregimeindicatesthe operation of the rich zone at above stoichiometric conditions
that will generate large quantities of CO and smoke but for which there is inadequate temperature
levels in the quench and |ean zones to oxidize these products. Consequently, the so-called “rich”
zone (at high power) can only be operated at |ean, or bel ow stoichiometric, proportionsat low power
to preclude large quantities of CO and smoke in the exhaust.

With the constraints of avoiding steady-state operation in the prohibited near-stoichiometric zone
while still achieving the operational capability of aflight engine, variable-geometry approachesto
mani pulate combustor airflow distribution were considered an enabling technology. Design issues
associated with avariable-geometry combustor were addressed. The findings from that effort were
applied in the development of the integrated module rig that extensively used a variable-geometry
fuel injector during this combustor development activity. A representative stoichiometry diagram
for avariable-geometry RQL combustor and afuel-shifted RQL combustor are shownin Figure 20.

Fuel Shifting

The fuel-shifting approach involves designing the combustor with both an inner and an outer bank
of rich-quench zone modules as shown on Figure 21. Shifting the split of fuel between banks
according to a schedule like that shown on Figure 20 accomplishes the control function. Once the
combustor isstarted and brought toidle, fuel flow to aterminal isnever interrupted. Thisisadecided
advantage over more conventional staged systems. Asevident from Figure 20, fuel-shifting control
technology isintended primarily to improve emissions and performance at moderate power levels
from aboveidleto just below subsonic cruise power. It also must function to avoid liner durability
problemsat someregimesof the high-power portion of the operating envel ope, primarily the descent
from supersonic cruise.

To providefor the operational capability of aflight enginewhile avoiding the constraint of avoiding
steady-state operation in the prohibited zones of rich-zone stoichiometry, the airflow split between
theinner and outer banksis established at 63% to theinner while 37% isdelivered to the outer bank.

The descent and approach conditions are within the regime where the combustor must be operated
in the unequal inner-to-outer fuel/air ratios or the so-called fuel-shifted mode. At the descent
condition theinner-bank front end is operating above stoichiometric while the front end of the outer
bank islean. Aspower level isincreased to approach, the mode-shifting behavior isreversed so that
the OD bank isrichwhilethelD bank islean. Studiesand combustor testsindicatethat the combustor
exit gastemperature profiles are maintained within limits acceptabl e to turbine durability. At power
levels where the combustor would operate with both banks producing the same gas temperature
levels(that is, idle and high-thrust conditions), the combustor exit radial temperature profilewill be
very flat and uniform commensurate with alow-emissions RQL combustor.

4.3.2.3 Subcomponent Development

Evolution of the RQL combustor involved amultistep engineering processinwhich preliminary and
supporting development activities provided a major contribution. In following sections of this
report, particularly Section4.4.2 , these supporting activities are associ ated with the subcomponents
and evolving technology base for the the RQL combustor.
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For reference, the activities are numbered:

1.

The preliminary definition of the characteristics of the RQL combustor was
derived from a flametube combustor constructed at Uniter Technologies
Research Center (UTRC). Therig consisted of cylindrical and conical segments
of aceramic, ply-cast construction. These exploratory tests included more than
50 configurations and provided bases for defining zone sizing and other design
parameter values as well as evaluation of the effect of number and shape of
wall-jet-type quench orifices.

Flow-visualization tests were concentrated in fuel injector/rich-zone flow
interactions and, to a larger degree, qualitative assessment of quench-zone
performance and mixing. Both included water-tunnel testing, but most of the
guench-zone assment was conducted on air/air models. Mie scattering of laser
illumination from the air in the quench jets — seeded with a fine mist of oil
droplets — was used extensively to generate instantaneous and time-averaged
profiles of quench jet penetration and mixing at selected downstream planes..

A supporting effort to define and develop a cast PW1422 liner for the rich zone
of amodular RQL combustor was conducted to address and resolve the design
and fabrication issues. Variations in outer surface texture — smooth versus
augmenting ridges — were evaluated in hot-flow, combusting-rich-zone test
rigs. The task also addressed aerothermal integration of the quench air delivery
system with the downstream end of the liner and established the rich-zone liner
construction base for the duration of the program.

A supporting investigation was conducted to define and optimize afuel injector
with a variable-geometry, atomizing, airflow path for the RQL combustor.
Modelswerebuilt of several candidate configurationsand variations. Thesewere
evaluated in flow-visualization and qualitative fuel spray characterization over
the entire operating range. The best configuration was selected and, when
fabricated in metal, served the remainder of tested variable-geometry-type
combustor module tests.

When the characteristic dimensions of wall jets and penetration distances were
found to be excessivefor NOx control, design studieswere addressed at the RSQ
concept. Again, extensive computational and flow-visualization experiments
were conducted to define the convoluted rich-zone liner approach in which
guenchair jetsweredischarged from numeroussmall orifices, with characteristic
dimensions of 0.10 to 015 inches into gas-path convolutions of nominal depths
of 0.5inchesor less. The cast rich-zoneliner technol ogy cited abovewasreadily
extended to these constructions.

RSQ was extended further by installing quench orifices on both sides of vanes
that spanned the RQL combustor gas path in the radial direction. The definition
of the vanes required aerodynamic testing and flow visualization of larger size
plexiglass models aswell as numerical analyses to optimize the flow of quench
air into thevanesfrom each end and equalizetheflow distributionto each orifice.
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4.4 Precursor Subcomponent Development

Subcomponent development generally focused on the design and test of a variety of fuel injectors
and fuel/air mixing techniques. In the lean systems, the subject subcomponents were the LDI
injectors, IMFH premixers, and cyclone pilots. In the RQL systems, development focused on the
rich-zone fuel injection, the quench-zone air injection and mixing, and the lean-zone uniformity.

4.4.1 Lean System

Subcomponents devel oped for lean systemsinclude injectors/mixersfor LDI systemsaswell asan
array of IMFH premixers and cyclone pilots for LPP systems. These were tested as either single
entities or in small bundles, usually firing into a ceramic-lined tube. Subscale hardware was used
as a method of relatively quickly filtering a large number of potential design concepts. The best
designs could then be implemented into sectors for studying the overall impact of interactions
among subcomponents. Fixed rakes aswell astraversing probeswere used for emissions sampling.

4.4.1.1 Lean Direct Injection

In most low-emissions systems, the combinations of fuel injection, atomization, vaporization, and
premixing are the keys to meeting stringent emissions requirements. This becomes especialy
difficult in LDI systems, which rely almost entirely on atomization to quickly distribute the fuel as
uniformly aspossiblein alean mixture of fuel and air, with minimal time available for vaporization
and premixing. For poorly atomized fuel and/or highly nonuniform fuel/air mixtures, poor emis-
sions are readily observed. Thus, LDI development focused on fuel injection methods and rapid
atomi zation mechanismsthat could provide the best atomization and most uniformfuel/air mixtures
to the combustor.

Three primary multiventuri injection configurations were tested in support of the LDI combustor
concepts described in Section 4.2.1. Testswere performed on axial swirler designswith 45° helical
vanes and radial swirler designs with 30° and 60° vanes (Figures 22 and 23). Key dimensions and
flow areas are summarized in Table 2. The injectors were sized to have approximately the same
effective flow area as the half-inch IMFH tubes, which were under simultaneous development. A
Textron simplex air-blast nozzlelocated a ong the axial centerlinewasused for fuel injection. These
injectors create finely atomized sprays at the throat of the venturi, rapidly mixing with the highly
swirled air. For improved stability, and to better simulate side-by-side operation in an engine, each
of the axial and radial swirler designs was tested in 3x3 arrays rather than asindividual entities. In
onetest, an alternating mixture of 30° and 60° radial swirler designs was tested (30°/60°/30° on the
top and bottom; 60°/30°/60° for the middle row). Note that in all cases the injectors were located
on one-inch centers from each other.

L DI testing under this contract was performed at NASA—Glenn. Data were acquired over arange
of operating conditions. Variablesincluded inlet air temperature, pressure, pressure drop, and fuel/
air ratio. The best results came from the 45° axial swirler design and are summarized in Table 3 and
Figure 24. Unfortunately, high-power NOx was higher than desired, with NOx at 1075°F, 155 psia,
3.8% AP, and 3410°R flametemperature coming injust above 8 El. Thiswasprojected to extrapol ate
t09t0 10 NOx El at nominal supersonic cruiseconditions(1200°F, 150 psia). Combustion efficiency
was extremely good, coming in above 99.9% at most flame temperatures tested.
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Table 2.

LDI Design Summary Table

LDI Injector Configuration

Parameter Axial 45 Radial 30 | Radial 60
Swirler Vane Type Axial Radial Radial
Swirler Vane Angle (Degrees) 45 30 60
Number of Swirler Vanes 5 30 24
Swirler Vane Thickness (Inches) 0.033 N/A N/A
Axial Component of Swirler Vane Length (Inches) 0.373 N/A N/A
Swirler Slot Height (Inches) N/A 0.400 0.400
Swirler Slot Width (Inches) N/A 0.042 0.030
Swirler Outer Diameter (Inches) 0.848 0.900 0.900
Swirler Inner Diameter (Inches) 0.320 0.740 0.740
Centerbody (Spray Nozzle) Diameter (Inches) 0.29 0.29 (?) 0.29 (?)
Venturi Throat Diameter (Inches) 0.50 0.54 0.54
Diverging Cone Angle (Downstream of Throat, Degrees) 80 80 80
Effective Flow Area (Square Inches) 0.172 0.172 0.175
Swirl Number (?) 0.23 0.56
Table 3. LDI Injector Emissions Summary: 45° Axially Swirled
T3 P3 AP/P Sampled THame Combustion NOx El
(°F) (psia) (%) Equivalence Ratio (°R) Efficiency (%) | (g/kg Fuel)
1069 153 3.80 0.395 3163 99.94 4.7
1075 158 3.85 0.442 3344 99.94 7.2
1082 154 3.83 0.470 3452 99.95 9.1
1094 150 5.99 0.531 3683 99.94 4.0
1072 158 4.50 0.519 3630 99.92 7.3
1080 154 421 0.540 3710 99.92 4.5
1080 155 3.61 0.540 3711 99.93 4.4
1100 202 4.60 0.437 3364 99.51 2.2
1099 200 4.85 0.486 3555 99.97 4.6
1101 201 4.83 0.515 3670 99.98 5.9
1099 200 4.85 0.550 3802 99.97 7.3
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Figure 24. NOx Emissions for the 45° Axial Swirler LDI Configuration

The most surprising result of the test was the significant decrease in NOx when the pressure
increased (at high temperatures, holding temperature constant). Although pressuredrop wasslightly
different between thetwo cases, other datasuggest theimpact of pressure drop accountsfor lessthan
1 El of the nearly 5.5 EI NOx reduction (see Table 3 and Figure 25). A typica equation used to
estimate NOX is:

EINOx = C x t X exp[(— 72.28) + 2.087(T%), — 0.014611Ty,,,]

for T3> 650°F, where C isaconstant, t is the residence time in the primary zone of the combustor,
and Thame IS the flame temperature (°R). The operating pressure impacts the residence time, t
(holding flame temperature constant). Thus, in theory, NOx in premixed flames will increase with
the squareroot of pressure. The observed NOx decrease was therefore highly unexpected. The only
explanation at thistimeisthat there wasasubstantial improvement in atomization and mixing when
the pressure was increased at these elevated temperatures. Surprisingly (or maybe consistently),
similar NOx reductions at high temperatures with increasing pressure were observed in IMFH and
cyclone development as well.

From the subcomponent L DI development tests, the 45° axial swirler design proved to be the best.
Thisdesignwaseventually selected for useintherectangular three-cup L DI sector (described later).

4.4.1.2 Integrated Mixer/Flameholder Development

LDI systems have great potential because they offer relatively short axial length. This helps keep
the combustor as short as possible, directly impacting overall engine length and weight. However,
the brief vaporization and premixing time makes stringent emissions requirementsdifficult to meet.
Although the combustor is short, the LDI mixers tend to be difficult to package in the dome area
availableand arefairly complex devicesto manufacture. ThusL PP systemswere considered to help
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Figure 25. Impact of Pressure Drop on NOx Emissions for the 45° Axial Swirler LDI
Configuration The data suggest pressure drop has only a small impact on
NOx emissions at elevated temperatures and pressures.

meet the emissions targets. The eventua tradeoff is a common one that must be made in engine
design: cost, weight, and complexity against emissions.

LiketheLDI injectors, IMFH development was given considerabl e attention because of significant
concerns early in the program about meeting supersonic cruise NOx emissions requirements. Be-
cause an IMFH burns 75 to 80% of consumed fuel at cruise (in the latest design), it is extremely
important that very low NOx be generated at these conditions. Although the cyclonepilotsonly burn
20to0 25% of thefuel at cruise, it wasanticipated (and later demonstrated) that supersonic cruise NOXx
emissions would be much higher than with the IMFH premixers. Thus, it was a key driver for the
IMFH to demonstrate EI NOx well below 5 to enable meeting the overall engine supersonic cruise
emissions requirement of 5 El NOx.

Over the course of the contract, dozens of design variations of the IMFH premixer were tested (see
Tables4 and5). Of these, 26 were subscal e (Configurations 12—37), and 14 werefull-scale (Configu-
rations 38-51) variations developed prior to the LPP/RQL downselect. Most were tested at low
pressure (60 psiaor less), although several of the later designs were tested up to 150 psia. Primary
changes were to the method of fuel injection. This started as a simple 0.020-in ID by 0.040-in OD
hypo tube and progressed to the more advanced “ stinger” designs (Figure 26). Note that some of the
variations were simply changes to the radial location, or immersion, of the point of fuel injection
within the tube (such as Configurations 28—-30 and 3133, Figure 27). In these cases, the design of
the fuel injector itself was not changed. In other cases, mixing length (the distance from the point
of fuel injection to the aft end of the IMFH tube) and/or the total tube length were changed. The
IMFH tube diameter was also a variable. IMFH testing was performed at GEAE.
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Table 4. Summary of IMFH Configurations

. . Tube Dimensions (in) Dome Cooling Air Flange Hot-Section 1 Test
Cor,l‘flljgr#lgztrmn Tube Total Mixing No.of [ Hole Dia. Mixer Liner Dist. to Sample Date 2 Comments
ID Length | Length Holes (in) Tubes ID (in) Probe (in)

12 0.65 5.50 4.50 6 0.121 7 3.70 7.4 10/94

13 0.65 5.50 4.50 6 0.121 7 3.70 7.4 10/94

14 0.65 5.50 4.50 6 0.121 7 3.70 7.4 11/94

15 0.50 5.50 4.50 6 0.090 7 2.80 7.4 12/94

16 0.50 5.50 4.50 6 0.090 7 2.80 7.4 12/94

17 0.50 5.50 4.50 6 0.090 7 2.80 7.4 02/95 | Slotted inlet

18 0.50 5.50 4.50 6 0.090 7 2.80 7.4 02/95 | 0.4-in patch on inlet slot

19 0.71 4.00 2.80 6 0.100 5 3.70 7.4 NT 20° inlet swirler, 0.84-in inlet diameter
20 0.50 5.50 4.50 6 0.090 7 2.80 7.4 03/95 | Long slot cover on inlet

21 0.50 5.50 4.50 6 0.090 7 2.80 7.4 04/95 | Covered slot inlet

22 0.50 5.50 4.50 6 0.090 7 2.80 7.4 05/95

23 0.71 4.00 2.80 10 0.100 5 3.70 7.4 06/95 | 10° inlet swirler, 0.84-in inlet diameter
24 0.50 5.50 4.50 6 0.090 7 2.80 7.4 06/95

25 0.50 5.50 4.50 6 0.090 7 2.80 7.4 06/95

26 0.50 5.50 4.50 6 0.090 7 2.80 7.4 08/95 | Long slot cover on inlet

27 0.50 5.50 4.50 6 0.090 7 2.80 7.4 NT Long slot cover on inlet

28 Oval 5.50 4.50 10 0.080 6 3.20 7.4 08/95 | 0.839x0.25-in oval mixer tube with
29 Oval | 550 | 450 10 0.080 6 3.20 74 oorgs | conformal injector body

30 Oval 5.50 4.50 10 0.080 6 3.20 7.4 09/95

31 0.50 5.50 4.50 6 0.090 7 2.80 7.4 10/95

31 0.50 5.50 4.50 6 0.090 7 2.80 7.4 01/98 | Retested in another cell

32 0.50 5.50 4.50 6 0.090 7 2.80 7.4 11/95

33 0.50 5.50 4.50 6 0.090 7 2.80 7.4 11/95

34 0.71 4.00 2.80 10 0.100 5 3.70 7.4 11/95 | 0.843-in diameter inlet, 0.710-in exit
35 0.65 5.50 4.50 6 0.121 7 3.70 7.4 12/95

36 0.83 5.50 4.50 6 0.152 7 4.90 7.4 12/95

37 0.65 5.50 4.50 6 0.121 7 3.70 7.4 12/95

38 1.00 5.50 4.50 12 0.149 4 4.50 7.4 08/96

39 1.00 5.50 4.50 12 0.149 4 4.50 7.4 09/96

40 1.00 5.50 4.50 12 0.149 4 4.50 7.4 09/96

41 1.00 5.50 4.50 12 0.149 4 4.50 9.3 05/97

41 1.00 5.50 4.50 12 0.149 4 4.50 9.3 09/97 Retested in another cell

42 1.00 5.50 4.50 12 0.149 4 4.50 9.5 09/97

43 1.00 5.50 4.50 12 0.149 4 4.50 9.5 10/97

44 1.00 5.50 4.50 12 0.149 4 4.50 9.5 10/97

45 1.00 5.50 4.50 12 0.149 4 4.50 9.5 11/97

46 1.00 5.50 4.50 12 0.149 4 4.50 9.5 02/98

47 1.00 5.50 4.50 12 0.149 4 4.50 9.5 03/98

48 1.00 5.50 4.50 12 0.149 4 4.50 9.5 03/98

49 1.00 5.50 4.50 12 0.149 4 4.50 9.5 03/98 | Dome cooling-air holes introduce 30° swirl
50 1.00 5.50 4.00 12 0.149 4 4.50 9.5 03/98

51 1.00 5.50 4.50 12 0.149 4 4.50 9.5 04/98

Notes: 1.  Hot section had cast ceramic liner.
2. NT = Not tested
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Table 5. Summary of IMFH Configurations Fuel Injector Information

Fuel Injector Discharge

Fuel Injector Type Cor’llf&%’gg'on l;(()).rtosf ID (in) (O|r|13) Imm(;:)sion DTaetZtl
Hypo tube angled 15° 12 1 0.020 |0.040 25 10/94
Fan spray tube angled 15° 13 1 Oval 25 10/94
Beveled hypo tube angled 15° 14 1 0.020 |0.040 25 11/94
15 1 0.020 |0.040 50 12/94
16 1 0.020 |0.040 20 12/94
17 1 0.020 | 0.040 50 02/95
18 1 0.020 |0.040 50 02/95
90° conical spray injectors 19 1 90° Spray 50 NT
Beveled hypo tube angled 15° 20 1 0.020 |0.040 50 03/95
21 1 0.020 |0.040 50 04/95
Thick wall, beveled hypo tube angled 15° 22 1 0.020 |0.063 50 05/95
90° conical spray injectors 23 1 90° Spray 50 06/95
Thick wall, beveled hypo tube angled 15° 24 1 0.020 |0.063 50 06/95
25 1 0.020 | 0.063 9 06/95
Conning tower, beveled, angled 15° 26 1 0.020 |0.0522 50 08/95
27 1 0.020 |0.0522 9 NT
Hypo tube angled 15° 28 1 0.020 |0.040 30 08/95
29 1 0.020 |0.040 6 09/95
30 1 0.020 |0.040 72 09/95
0.188-in OD single-port stinger, discharge at centerline 31 1 0.020 |0.0562 50 10/95
31 1 0.020 |0.0562 50 01/98
0.188-in OD single-port stinger, reduced-immersion discharge 32 1 0.020 |0.0562 40 11/95
0.188-in OD single-port stinger, increased-immersion discharge 33 1 0.020 |0.0562 70 11/95
0.375-in OD four-port stinger, injector body at centerline 34 4 0.014 |0.0562 38.83 11/95
35 4 0.014 |0.0562 38.83 12/95
36 4 0.014 |0.0562 39.73 12/95
0.188-in OD single-port stinger, reduced-immersion discharge 37 1 0.020 |0.0562 63.53 12/95
0.400-in OD single-port stinger, injector body at centerline 38 1 0.020 |0.0562 08/96
0.400-in OD four-port stinger, injector body at centerline 39 4 0.020 |0.0562 09/96
0.400-in OD three-port stinger, injector body at centerline 40 3 0.020 |0.0562 09/96
0.56-in OD base four-port stinger, injector body at centerline 41 4 0.020 |0.0562 0.113 05/97
41 4 0.020 | 0.0562 0.113 09/97
42 4 0.020 | 0.0562 0.0553 | 09/97
0.56-in OD base four-port stinger, 0.030-in tip radius 43 4 0.020 |0.0562 0.113 10/97
0.56-in OD base four-port stinger, 0.060-in tip radius 44 4 0.020 |0.0562 0.113 10/97
0.56-in OD base four-port stinger, short tower, 0.060-in tip radius 45 4 0.020 |0.0562 0.193 11/97
0.48-in OD advanced four-port stinger, 0.060-in tip radius 46 4 0.020 |0.0562 0.263 02/98
0.48-in OD advanced four-port stinger, 0.125-in tip radius 47 4 0.020 |0.0562 0.263 03/98
0.48-in OD advanced five-port stinger, 0.060-in tip radius 48 5 0.020 |0.0562 0.263 03/98
0.48-in OD advanced four-port stinger, 0.125-in tip radius 49 4 0.020 |0.0562 0.263 03/98
50 4 0.020 |0.0562 0.263 03/98
51 4 0.020 | 0.0562 0.263 04/98

Notes: 1. NT = Not tested

2. Width of conning tower strut

3.

Inches from discharge to mixer wall
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Figure 27. Variation of Injector Positioning Within the IMFH Tube

NASA/CR—2005-213584/VOL2 30



Reintroduction of postimpingement main domecooling air into the IMFH premixer prior to entering
the combustor was considered animportant factor inimproving emissionsand stability. Thisair was
introduced through a series of holes around the circumference of the tube just upstream of the aft
end of theIMFH, prior to dumping into the combustor (Figure 26). In subscale designs, 13% of the
total air flow exiting the IMFH tube would enter the tube through these aft holes. In the full-scale
designs, thiswasincreased to 17%. After downsel ect, full-scal e devel opment would test theimpact
of varying the amount of dump cooling air on emissions in more detail (described |ater).

Because of theinherent lack of stability inthel MFH design at low power, testing wasnormally done
with an assembly containing four to seven bundled IMFH tubes simultaneously (Figure 28). This
madeit easier to light off and maintain flame at lower fuel/air ratios than would have been possible
with asingle-tube arrangement. Whenever possible, attemptswere madeto use tube-to-tube separa-
tions that were typical of what would be used in a sector or an engine to simulate any interactions
that may be taking place. A ceramic liner 2.8 to 4.9 inches in diameter (Table 4) was placed
downstream of the domes shown in Figure 28 to protect the test rig from hot combustion gases.
Gas-sampling probes were located 7.4 to 9.5 inches downstream of the dome face.

N
L
N
a
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o
NN,

N
4
N .
N2 S

Figure 28. Subscale and Full-Scale IMFH Flametube Assemblies

Although inlet temperatures as high as 1050°F were tested, most of the subscal e tests performed at
thistime were at low pressure (1 to 4 atmospheres). A few of the subscal e designs and most of the
full-scale designs were tested to as high as 17 atmospheres, but most datawere acquired at 4 and 10
atmospheres.

Thisreport will focus on five primary designs (Figure 26). Configuration 15 was a subscale design
using a beveled hypo tube with centerline injection. Configuration 31 was a subscale design with
a single-port stinger for fuel injection. Configuration 41 was the full-scale, four-port stinger —
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which becamethebaselinefor full-scale devel opment. Configuration 46 wasthe advanced four-port
stinger — which was significantly smaller than the baseline. Finally, Configuration 49 wasthe same
as Configuration 46 (the advanced four-port stinger) but with swirled dump cooling air instead of
radial injection at the aft end of the IMFH tube. Additional full-scale designs were tested after the
LPP/RQL downselect and are described later in the report.

Subscale Concepts

The subscal e conceptswere summarized in Tables4 and 5, Configurations 12—37. Half-inch diame-
ter tubes were used in most cases. The length of the tubes was set to maximize the amount of time
for fuel atomization, vaporization, and mixing, but length was limited by autoignition consider-
ations. It was also desired that the point of fuel injection be placed a“ safe” distance downstream of
thetubeinlet to avoid any undesirable flashback or autoignition eventsin regionsthat may separate
near the inlet. The fuel-injection point was normally set to be one inch downstream of theinlet. In
most cases, atotal tubelength of 5.5 incheswas used, providing 4.5 inchesfor fuel vaporization and
premixing.

Three main types of fuel injectors were used to introduce fuel into the IMFH tubes (Figure 29).
Initially, asimple hypo tube penetrating the IMFH wall and perpendicular to the air flow was used.
This would later be placed at an angle to the flow, and the tip of the tube would be beveled. The
second basic configuration was a “conning tower” design. Although conceptually similar to the
hypo tube, thiswas an attempt to reduce wakes behind the fuel injection device by making it more
aerodynamic. Thethird design wasreferred to asa stinger. Thiswas asmall tube with aconical tip
that protrudes axially down the centerline of the IMFH tube. A much smaller conning tower —
essentially a fin — was located on the cone, which transversely injected the fuel into the air
crossflow. Later designs (full scale) would test multiple fuel-injection ports on asingle stinger. The
stingers were attached to amain fuel injector that controlled the fuel staging to the combustor. Each
of these concepts and the test results are described in more detail in the following paragraphs.

Hypo Tube Conning Tower Stinger
Fuel DIscharge

External Heat Shield

Stem Attachment
Platform (Brazed

Figure 29. Main LPP Fuel Injector Tip Concepts

Hypo Tube Fuel Injection —Much of the early hypo tube testing focused on simple 0.020-in 1D by
0.040-in OD tubes placed either perpendicular to, or angled 15° (aft) from, theair flow (Figure 29).
Originally, thetip at the point of fuel injection was flat. Later the tip was beveled at 45°. With the
tube angled at 15°, this placed the top surface at a 30° upward angle relative to the IMFH tube
centerline. The beveled feature appeared to help prevent fuel from clinging to the tube surface and
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running down the back side of the tube. The point of fuel injection was located at the IMFH tube
centerline. Thiswas Configuration 15, the most successful of the hypo tube designs.

Results of the Configuration 15 tests are summarized in Table 6. Figures 30 and 31 show NOx and
combustion efficiency as functions of flame temperature. NOXx is extremely low at only 2 El at
3410°R flame temperature. Clearly the 150°F increasein T3 did not have significant impact on the
NOXx, although combustion efficiency showed a noticeable improvement: nearly 1.5%.

Table 6. IMFH Configuration 15 Emissions Summary

T3 P3 AP/P THame Combustion NOx El
(°F) (psia) (%) (°R) Efficiency (%) (g/kg Fuel)
807 60 4.40 3219 95.74 1.27
804 60 4.23 3370 97.9 1.84
816 60 4.48 3518 99.19 3.09
819 60 4.32 3627 999.45 4.07
810 60 4.74 3761 99.42 4.58
824 60 4.43 3991 98.99 6.86
961 60 4.38 2999 93.65 0.49
963 60 4.34 3261 98.77 1.15
964 60 4.54 3405 99.59 2.03
966 60 4.23 3458 99.64 2.38
957 60 4.05 3561 99.76 3.41
961 60 4.69 3665 99.69 4.5
959 60 4.41 3808 99.57 6.6

A beveled hypo tube fuel injection system, similar to Configuration 15, would be selected for use
inall of the L PP stepped-dome sectors and the highly mixed MRA sector. The results of these tests
will be described later in this report.

Conning Tower Fuel I njection — The conning tower design (Figure 29) was primarily an off-shoot
of the knowledge gained from the hypo tube tests. An aerodynamic profile was introduced in an
attempt to reduce or eliminate the wakes created by the hypo tube design. It was feared that these
wakes posed potential autoignition hazards, although such an event was never observed during
many hoursof subcomponent and sector testing. Similar to the hypo tubeinjector, the conning tower
protruded through the sidewall of the IMFH tube, injecting fuel perpendicular to the air flow. The
top surface was tapered similar to the beveled hypo tubes, and the angle of injection was 15° aft of
perpendicular. Aswith Configuration 15, the point of fuel injection was located at the centerline of
the IMFH tube.

Configuration 26 was the only conning tower design tested. The results are summarized in Figures
32 and 33 and Table 7. NOx was about 1 El higher than the Configuration 15 hypo tube design,
coming in at slightly morethan 3 El at 3410°R flame temperature. However, combustion efficiency
showed tremendousimprovement over the hypo tubes, with efficienciesabove 99.5% even at 650°F.
In contrast, the efficiency of the hypo tubes had fallen off to less than 98.5% at 815°F.
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Figure 31. Combustion Efficiency for IMFH Configuration 15
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Table 7. IMFH Configuration 26 Emissions Summary

T3 P3 AP/P THame Combustion NOx El
(°F) (psia) (%) (°R) Efficiency (%) (g/kg Fuel)
648 60 4.38 3225 99.24 1.59
632 61 4.04 3485 99.59 3.73
648 60 4.12 3533 99.68 3.57
657 61 4.34 3618 99.65 4.17
651 61 4.17 3665 99.58 4.13
950 60 4.04 3491 99.85 4.52
950 61 4.28 3670 99.75 8.04
956 61 4.61 3717 99.73 8.74
949 60 4,71 3917 99.51 14.19

Despite these results, the anticipated cost of manufacturing and difficulties in integrating the con-
ning tower into acommercially viable fuel nozzle made it impractical to usein a sector or engine.

Stinger Fuel Injection — Stingers (Figure 29) eventually replaced hypo tubes for several reasons.
First, it was felt that the more advanced design could provide better emissions through improved
atomization and mixing. Second, although no problems had occurred, concerns over the possibility
of coking of the simple hypo tube led to amore advanced cooling/protection scheme. Thisrequired
amuch larger diameter than the hypo tubes, making it difficult to use the same method of injection
(protruding through the IMFH tube sidewall). Finally, to make the fuel injectors commercially
viable, they should be easily removable for inspection and replacement. Thus, a system other than
that devised for the hypo tubes was necessary.

Configuration 31 was the primary stinger design tested (Figure 34). In thisdesign, asmall conning
tower (fin) was located on a cone attached to a 0.188-in diameter centerbody. The centerbody was
paralel to the IMFH tube centerline but was radially off-center such that the point of fuel injection

&

Isometric
View

Side View 2

Figure 34. IMFH Configuration 31 Fuel Injector Tip

Side View 1 End View
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was at the centerline. Four-port designs with 0.375-in diameter centerbodies were also tested (0.65,
0.71, and 0.83-in ID IMFH tubes) but demonstrated higher emissions.

Configuration 31 results are summarized in Table 8 and Figures 35 and 36. NOx was similar to the
conning tower design (Configuration 26) at alittle over 3 EI. Combustion efficiencies were |lower
than the conning tower, and in fact were quite similar to the hypo tube of Configuration 15.

Table 8. IMFH Configuration 31 Emissions Summary

T3 P3 AP/P THame Combustion NOx El
(°F) (psia) (%) (°R) Efficiency (%) (g/kg Fuel)
644 60 4.68 3060 95.72 2.47
657 59 4.73 3398 96.64 3.24
649 61 4.61 3735 99.01 4.94
648 59 4.27 3916 98.40 5.67
651 60 4.68 3967 98.03 6.49
916 60 4.45 3202 97.99 1.81
905 59 5.38 3396 99.68 3.32
908 61 3.56 3488 99.56 5.27
908 61 3.32 3626 99.61 5.99
903 60 3.72 3930 98.96 10.79

The Configuration 31 single-port stinger design would eventually be used in the highly successful
moderately mixed MRA sector that demonstrated EINOx below 5 at supersonic cruise (described
later).

Full-Scale Concepts

Subscale tests were quite successful, but use of the half-inch IMFH designs in a full-scale engine
was not feasible. Figure 37 shows that continued use of the smaller tubeswould require 1056 tubes
per engine! This led to the development of one-inch designs, reducing the number to a more
manageable 300 tubes per engine. However, this aso raised significant concerns over meeting
emissions requirements and the potential for flashback. Asthe following paragraphs will describe,
the one-inch designs overall performed as well as the subscale designs.

Fourteen full-scale variations were tested, as listed in Tables 4 and 5 (Configurations 38-51).
Because of the successes of flametubetestsand the moderately mixed MRA sector (described | ater),
the single-port stinger concept was carried forward as a starting point in full-scale development.
Because of the larger diameter of the full-scale IMFH tubes under consideration, a stinger design
with multiple fuel ports was considered as a prime candidate (Configuration 41, Figure 38). The
centerbody was enlarged to simulate blockage of the IMFH tube comparableto that of the subscale
design. Enlarging the centerbody also alowed more advanced cooling methods to be used to
minimize fuel coking. Later tests varied the centerbody diameter and the design of the conical tip
at the end of the stinger (Configuration 46, Figure 39). Finally, introduction of swirl to the postim-
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Figure 37. Significant Simplification Results from Increasing the IMFH Tube Diameter
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Figure 38. Schematic of IMFH Configuration 41 Fuel Injector Tip
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Figure 39. Schematic of IMFH Configuration 46 Fuel Injector Tip
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pingement main dome cooling air as it is dumped into the aft end of the IMFH tube was tested
(Configuration 49, Figure 40).

Dome Dome Cooling Air

Radial Cooling Swirl Cooling

Figure 40. IMFH Configurations 46 (Radial Cooling) and 49 (Swirled Cooling)

The Configuration 41 results are summarized in Table 9 and Figures 41 and 42. The design was
highly successful. Configuration 31 NOx EI was about 3.5 at 900°F, 60 psia; Configuration 41 was
about the same but at 900°F, 150 psia. Normally theincreasein pressurewould increase NOx. Thus,
NOx was shown to be at least as good as Configuration 31 and may actually be somewhat better.
Combustion efficiency was dightly worse than Configuration 31 at 650°F, 60 psia but was well
above 99.5% at 1100°F, 150 psia. Comparisons are being made to Configuration 31 becauseit was
successfully used in the moderately mixed MRA sector (described later), demonstrating NOXx EI of
only 3.8 at nominal supersonic cruise conditions (1200°F, 150 psia) as part of an integrated sector.
Thus, Configuration 41 wasthefirst design to demonstrate viability for usein afull-scale sector or
engine.

Table 9. IMFH Configuration 41 Emissions Summary

T3 P3 AP/P THame Combustion NOXx El
(°F) (psia) (%) (°R) Efficiency (%) (g/kg Fuel)
665 60 4.33 3169 95.45 131
656 60 4.49 3249 95.95 1.81
662 60 4.51 3471 97.00 3.45
657 60 4.33 3709 98.18 4.97
914 150 4.67 3135 98.69 1.06
905 150 4.46 3283 98.90 1.96
906 150 4.53 3488 99.34 4.76
900 150 4.47 3676 99.47 9.72

1106 150 4.40 3093 99.47 1.20
1092 150 4.54 3268 99.68 2.79
1098 150 4.41 3462 99.79 6.24
1099 150 4.53 3658 99.80 13.32
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The Configuration 46 results are summarized in Table 10 and Figures 43 and 44. Surprisingly, the
design showed significant improvement over Configuration 41. At 900°F, 150 psia, NOx El was
reduced from about 3.5 to 2.5. Even at 1100°F, 150 psia, NOx El was reduced from about 5 to 4.
Combustion efficienciesat the el evated temperatureswere above 99.9%. Thiswasthe configuration
recommended for use in the full-scale sector at the time of the LPP/RQL downselect.

Table 10. IMFH Configuration 46 Emissions Summary

T3 P3 AP/P THame Combustion NOx El
(°F) (psia) (%) (°R) Efficiency (%) (g/kg Fuel)
644 61 4.28 3523 97.89 2.27
642 61 4.45 3687 99.03 3.05
645 61 4.45 3840 98.28 3.92
902 150 4.50 3263 99.27 1.43
903 150 4.71 3337 98.99 1.68
905 150 4.50 3512 99.77 3.57
907 150 4.75 3703 99.92 5.77
1107 151 4.12 3229 99.88 1.40
1101 151 4.22 3450 99.97 4.89
1103 150 4.36 3615 99.98 8.7
1112 150 4.36 3747 99.98 12.59

Configuration 49 results are summarized in Figures 45 and 46 and Table 11. This design showed
tremendous improvement over the highly successful Configuration 46. Tests showed that the
swirled cooling air injected at the aft end of the IMFH tube was actually capable of reducing the
worst case (tested) NOx El to only 2 (at 1100°F, 150 psia, 3410°R flame temperature). Thiswasan
astonishing 50% reduction from the 4 El demonstrated by Configuration 46! Unfortunately, the
swirled feature was difficult to implement. Because the IMFH tube walls are quite thin, the cooling
holes either have to be made quite small or the tube has to be made locally thicker to produce the
necessary hole-length/diameter ratio for swirled injection. This was the only real drawback of the
design.

It can be concluded that all of the full-scale four-port stingers tested had the potential for usein a
sector. Although Configuration 49 demonstrated the lowest NOx, difficulty in adding the swirled
cooling features prevented use in the full-scale sector. Although higher than Configuration 49, the
success of Configuration 46 in demonstrating emissions at least as good as previous designs led to
selection of that design for use in the full-scale sector (described later).

4.4.1.3 Main Fuel Injector Development

The main fuel injectors had four primary functions. First, they had to provide structural support to
position the stingers (or hypo tubes) within the IMFH tubeinlet. Acousticsin the 400-600 Hz range
are commonly observed in sector tests, so injectors must be designed to have natural frequencies
well outside this band.
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Table 11. IMFH Configuration 49 Emissions Summary

T3 P3 AP/P THame Combustion NOXx El
(°F) (psia) (%) (°R) Efficiency (%) (g/kg Fuel)
659 60 4.41 3541 97.61 2.27
649 60 4.40 3621 97.9 2.54
654 60 4.32 3705 98.45 3.37
649 60 4.24 3865 98.19 4.32
915 150 4.49 3104 95.92 0.46
912 150 4.43 3293 98.97 1.19
906 150 4.46 3588 99.81 3.35
905 150 4.56 3708 99.87 6.33

1107 150 4.39 3142 98.64 0.49
1103 150 4.53 3267 99.62 1.06
1108 150 4,52 3460 99.90 2.78
1112 150 4.66 3579 99.91 5.11

Second, they had to accommodate fuel staging, such that stingers could be selectively fueled. Third,
they had to control thefuel flow rateto each stage. Servovalvesnear theinlet of theinjector normally
servethisfunction. Finally, they had to thermally protect thefuel fromthe severe Tz air environment
to preclude coking and vaporization in the fuel passages, not only as the fuel was flowing to the
stingers but also as stages were shut-off.

In addition to these primary functions, two significant design requirements had to be considered.
First, the fuel injectors needed to be accessible and easily removable so that they could be replaced
if problemsarose or simply checked out during routine engine maintenance intervals. Thisrequire-
ment tendsto precludetheuse of fuel systemsintegral with thecombustor dome. Second, differential
thermal growth between the “cold” internal partsin contact with fuel and the “hot” adjacent parts
exposed to the T3 air can quickly lead to fuel leaks if cracks develop. This obviously places
additional severe demands on the design of the main injectors.

Subscale Concepts

Severa subscale concepts were considered. Ordinary tubing connected to a fuel manifold is the
simplest and cheapest method of fuel delivery, but it does not provide the necessary thermal protec-
tion. Double- or triple-walled tubing provides better thermal protection but can make it difficult to
implement the necessary staging characteristics. More advanced concepts focused on a solid stem
containing separatefuel passagesto allow staging, active cooling, and structural rigidity for accurate
positioning of the stingersin the IMFH tubes. Such designs are obviously heavier and more expen-
sive than simple tubing designs, but they provide the required combination of structural integrity,
thermal protection, staging capabilities, and accessibility needed for commercial viability.

For the stepped-dome sectors (described later), simple tube-and-manifold systems were sufficient
(Figure 47). They were acceptable because each “stage” was its own manifold and tube system,
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which was either flowing fuel or being purged. Thiscould be used in atest environment but was not
really viable for an engine because purge systems are normally too heavy and expensive to usein
an engine. Alternative removablefuel nozzle conceptswere devised for both LDI and L PP stepped-
dome systems, but they were never implemented (Figures 48 and 49).

For the highly mixed MRA sector (described | ater), the simple tube and manifold was modified such
that the tubes passed through a more typical fuel nozzle design prior to feeding each stage of hypo
tubes (Figure 50). Thisdesign allowed addition of aheat shield around thefuel linesto provid better
thermal protection. The design wasalso removable and had more structural integrity for positioning
the hypo tubes in the IMFH premixers.

For the moderately mixed MRA sector (described later), systems with and without heat shielding
and with passive and active fuel cooling systems were considered. The need for heat shielding of
the fuel stem was quickly identified using simple, one-dimensional heat transfer analyses, as high
bulk fuel temperature rises were estimated in unprotected systems. The solid-stem design was
selected (Figure51). The body was asolid block, with line-drilled fuel passages. A cooling passage
wasincluded to help remove heat from the stem. In practicethe pilot fuel linewould have been used,
sinceit is aways flowing. For the sector test, water was used to ensure that the test would not be
impeded by the cooling effectiveness. The stingers were attached to the sides and used a heat shield
and passive cooling (Figure 52). The cooling was such that asmall annular passage surrounded the
bulk fuel passage. Active cooling was considered, but the added compl exity of the passages and the
small diameter of the stinger body precluded its use. Based on the moderately mixed MRA sector
tests (described later), the passive system worked well overall. However, because fuel lines were
purged asthey were shut-off, it isnot clear whether or not the system would sufficiently protect the
fuel in an unpurged system. Active cooling would be reconsidered for the full-scal e designs because
the larger stinger centerbody provides more room to implement such a system.

Full-Scale Concepts

Four primary conceptswere considered for full-scale devel opment. All used the advanced four-port
stinger (Configuration 46, with modified internal flow passages) that demonstrated low emissions
in subcomponent development.

The first concept was the “solid stem” (Figure 53). It was fundamentally the same as the subscale
design used in the moderately mixed MRA sector. Because of the successful demonstration in that
test, a scaled-up version made sense for the full-scale system. However, because of the increase in
total length of the fuel stem and the limited space available, linedrilling was nearly impossible. The
stem could have been made in sections, but getting passages to line up and the increased chances
for fuel leaks madethisalternative unappealing. Thisconcept also tendsto be expensiveto fabricate
and is quite heavy.

The second concept wasthe T stem” (Figure 54). This design used a T-shaped structural member
surrounded by aheat shield similar in shapeto the solid stem. Each fuel stage had afuel supply tube
that ran through the open areas between the internal structure and the heat shield. Cooling flow
passed through passages in the T-structure for heat removal. Internal brazements were the primary
concern in this particular design.

Thethird concept wasa*“U stem” (Figure 55). This design was essentially the same as the T-stem,
but the structural member was located just inside the heat shield, with the staging fuel tubes con-
tained within this shell. Cooling flow passed through passages in the structural shell.
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Figure 47. Hypo Tube Fuel Injectors used in the Stepped-Dome Sectors

Figure 48. LDI Stepped-Dome Fuel Figure 49. LPP Stepped-Dome Fuel
Nozzle Concept Nozzle Concept
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Figure 50. LPP Highly Mixed MRA Fuel Nozzle Concept
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Figure 51. Subscale LPP MRA Fuel
Nozzle Concept
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Figure 52. Subscale Stinger Injector Tip for
LPP MRA Fuel Nozzle
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Figure 54. Full-Scale LPP Fuel Nozzle Concept 2 (T Stem)
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Figure 55. Full-Scale LPP Fuel Nozzle Concept 3 (U Stem)

TheT- and U-stem conceptsarefundamentally similar. Thefinal concept, however, tendsto separate
itself from these designs. It was called the “ double spraybar” (Figure 56) and used triple-concentric
tubes that connect directly to each stinger. The design had the advantage of having the fuel tubes
directly in line with the stingers, rather than having to make two 90° turns as in the other designs.
Thisalignment did, however, introduce questions about the wakes coming off the tubes, which may
impact air flow through the IMFH tubes. Additionally, because each of the five tubes is aligned

Figure 56. Full-Scale LPP Fuel Nozzle Concept 4 (Double Spraybar)
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¢ External Heat Shield Not Shown
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axially (in an engine axis system), the doubl e spraybar increased the length of the holein the engine
case by about ahalf an inch. Thiswas necessary to enable removal of the injectors for maintenance
and replacement. However, because thisdesign had the lowest weight of the designs considered and
arelatively small part count, it appeared promising. The potential weight increase from extending
thecombustor length (if necessary to allow for alarge enough case holeto removetheinjectors) must
be considered against the weight savings from the fuel stems.

The double-spraybar concept was selected as the primary design for full-scale use going into the
LPP/RQL downselect, with the T-stem concept chosen as a backup. After downselect, additional
development led to amodified design for use in the full-scale sector (described later).

Endurance/Coking Test

Throughout the flight envelope, fuel staging will be used to control engine emissions. Aspower is
increased more stages will be fired, and as power is reduced, stages will be turned off. The latter
scenario introduces potential for coking as stagnant fuel in the stinger tip continues to be exposed
to high air temperatures (coke formation can also occur in flowing passages). From a coking
standpoint, the most severe conditions occur at the point of initial deceleration from supersonic
cruise, inwhich air temperatures are still very high (over 1000°F), but many of the main fuel stages
have been shut off. Significant coking is detrimental to engine performance and emissions. It also
leads to shorter required maintenance intervals and unscheduled maintenance, which adds signifi-
cant operating cost.

To address these concerns, an endurance/coking test was performed at GEAE from February 19
through March 5, 1998. A full-scale, four-port, actively cooled stinger tip (Configuration 46 with
the addition of active fuel cooling internally; see Figure 57) was attached to a mounting flange in
atest rig. For environmental reasons, water was used in place of fuel inthe cooling circuit surround-
ing thetip fuel supply. The water flow was set to match tip thermocouple readings with analytical
predictions. The test was set-up to simulate a single flight cycle representative of stagnant coke
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Figure 57. LPP Stinger Fuel Injector Tip Internal Cooling Concept
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buildup. Air at 1029°F continuously flowed over the stinger whilefuel (Jet A) wascycled onfor one
minute and off for three minutes. These times were deemed sufficient for thermal stabilization and
to enable coke to “bake” onto the fuel passage surfaces. Fuel flow number was monitored during
thetest for changesand was physically measured on aseparate calibrated fuel-flow stand before and
after the test.

Although the test was originally planned for 2250 cycles or a 30% reduction in fuel flow number,
whichever camefirst, by the end of the test the hardware had actually been cycled more than 2800
times over nearly 200 hours of testing (48 hourswith fuel flowing), with no noticeable reductionin
flow number. This included a period from March 1 (7:45 p.m.) through March 5 (7:30 am.) of
continuous 24-hour-per-day operation. Several chronological readings are presented in Table 12.
Note that, because of variability in the measured fuel flows and pressure drops, the flow numbers
reported here (asmeasured whiletesting) show relatively high variability. Themoretelling measure-
mentsweretaken beforeand after thetest on acalibrated flow stand, which showed almost no change
(10.5 pretest, 10.1 posttest).

Theresults of thistest are strong evidence that the active cooling system is sufficient for preventing
cokeformationin stagnant fuel lines. Thisissignificant because one of the primary aternativeswas
to require purging of stages with an inert gas as they were shut off. Such a system adds significant
weight, complexity, and cost to the engine and requires the addition of onboard tanks for the inert
gas, which must constantly be replenished. The actively cooled stinger, although also complex, is
preferred over an inert gas system; however, more comprehensive tests are needed to ensure that
coke formation isnot aproblem in other regions of the fuel-delivery system. Thetests should cover
complete flight cycles and ought to be performed before any fuel-delivery system isimplemented
in an engine.

4.4.1.4 Cyclone Pilot Development

Most of the combustor concepts contained cyclone pilotsin addition to the IMFH premixersor LDI
injectors. The IMFH premixersand LDI injectorswere critical components of the combustor. They
produce low NOx over awiderange of operating conditionsand eventually madeit possibleto meet
supersonic cruise emissions requirements. However, inherent lack of stability and relatively poor
(high) low-power emissions of CO and unburned hydrocarbons had to be overcome. Thus, the
cyclonepilotswere added to improve low-power performance. Sincethe cyclonewould be operated
throughout the entire flight envelope, it also had to provide low emissions — especially NOx — at
high power. Thus, while IMFH development focused mainly on high-power NOX, the cyclone pilot
tests covered the entire flight envelope. After good moderate- and high-power emissions were
demonstrated by the cyclone, the focus shifted towards|ow-power lean blowout, CO, and hydrocar-
bons. Low ground idle CO and hydrocarbons (that is, high combustion efficiency) were keys to
meeting anticipated LTO cycle requirements.

Single-cup tests were used for development of the cyclones. Typica cross section and cutaway
viewsare shown in Figure 58. The design consistsof aswirler attached to an outer domethat houses
the throat and dump cooling air holes. The outer dome also acts to mount the pilot in the facility. A
centerbody houses the fuel injection system. The fuel injector is simply a main-supply tube with
several small tubes (0.063-in OD by 0.020-in ID) added for fuel injection. Air is allowed to enter
the centerbody; most is used for cooling the centerbody face, the remainder for “air assist” around
thefuel tubes. The centerbody containsdump cooling air holesto reintroduce the air into the system
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Table 12. IMFH Stinger Tip Endurance/Coking Test Results Summary

Rdg Time Total Total Wf FN
Hrs Cycles | (pph)
0 2/19/98 2:30 PM 000:00 0 26.4 10.5

22 2/22/98 9:32 PM 004:14 64 255 9.7

90 2/23/98 1:15 PM 019:57 299 29.8 10.6
170 2/24/98 7:55 AM 038:37 579 26.8 9.9

175 2/24/98 9:03 AM 039:45 596 255 9.7

194 2/24/98 1:07 PM 043:49 657 27.8 10.8
214 2/24/98 5:42 PM 048:24 726 25.9 10.5
237 2/24/98 10:39 PM 053:20 800 26.2 10.6
241 2/24/98 11:11 PM 053:52 808 26.2 8.8

282 2/25/98 7:42 AM 062:24 936 26.2 9.8

283 2/25/98 7:46 AM 062:28 937 25.7 9.4

285 2/25/98 8:10 AM 062:52 943 25.7 9.6

303 2/25/98 12:04 PM 065:54 989 26.4 10.6
318 2/25/98 3:16 PM 069:06 1037 25 10.3
331 2/25/98 6:04 PM 071:54 1079 25.7 11.2
342 2/25/98 8:24 PM 074:14 1114 25 9.9

403 2/26/98 9:32 AM 087:21 1310 271 9.4

416 2/26/98 12:12 PM 090:01 1350 255 9.3

434 2/26/98 4:20 PM 094:09 1412 26.6 10.4
453 2/26/98 8:19 PM 098:07 1472 26.2 11.1
456 2/26/98 8:47 PM 098:35 1479 26.4 1.7
462 2/26/98 9:55 PM 099:43 1496 25.9 12.0
487 2/27/98 3:31 AM 105:20 1580 257 11.7
492 2/27/98 3:58 AM 105:47 15687 25.2 11.2
503 2/27/98 5:55 AM 107:43 1616 26.2 10.8
551 3/2/98 1:21 AM 114:03 1711 29.2 9.8

559 3/2/98 2:49 AM 115:31 1733 29.4 11.0
575 3/2/98 5:49 AM 118:31 1778 28.9 104
589 3/2/98 8:45 AM 121:27 1822 315 111
595 3/2/98 9:56 AM 122:39 1840 31.5 121
602 3/2/98 11:01 AM 123:43 1856 26.4 10.9
607 3/2/98 12:04 PM 124:46 1872 27 10.7
616 3/2/98 1:44 PM 126:26 1897 26.3 10.5
627 3/2/98 4:16 PM 128:58 1935 26.8 10.6
637 3/2/98 6:17 PM 131:00 1965 26.6 10.2
648 3/2/98 8:29 PM 133:11 1998 27.3 10.4
653 3/2/98 9:33 PM 134:156 2014 26.7 9.9

661 3/2/98 11:04 PM 135:46 2037 27 11.1
670 3/3/98 12:56 AM 137:38 2065 26.6 11.2
682 3/3/98 3:15 AM 139:57 2099 27.2 10.5
691 3/3/98 4:59 AM 141:41 2125 27 10.1
702 3/3/98 7:02 AM 143:44 2156 26.8 11.6
710 3/3/98 8:41 AM 145:23 2181 25.7 10.5
727 3/3/98 12:20 PM 149:03 2236 26.8 1.3
740 3/3/98 3:11 PM 151:54 2279 26.6 10.9
752 3/3/98 5:50 PM 154:32 2318 27 1.5
765 3/3/98 8:30 PM 157:12 2358 26.8 11.6
802 3/4/98 3:50 AM 164:33 2468 27 10.7
810 3/4/98 5:29 AM 166:12 2493 27.4 11.4
836 3/4/98 11:01 AM 171:43 2576 26.1 10.8
848 3/4/98 1:41 PM 174:23 2616 26.4 11.2
856 3/4/98 3:21 PM 176:03 2641 26.4 10.3
867 3/4/98 5:32 PM 178:15 2674 25.2 11.8
901 3/5/98 1:08 AM 185:50 2788 26.6 11.1
919 3/5/98 4:28 AM 189:10 2838 26.2 10.1
932 3/5/98 7:28 AM 192:10 2883 26.8 10.1
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prior to combustion. The centerbody face and outer dome face both have thermal-barrier coating
(TBC) to protect the metal from the high heat load of theflame. All of the configurationstested, both
subscale and full scale, had features similar to those shown in Figure .

The cyclone pilots were tested at the Southwest Research Institute (SwRI) in San Antonio, Texas.
Dr. Cliff Moseswasthe Principle I nvestigator on the project. The cycloneswere mounted to aflange
and placed in a horizontal flow tube (Figure 59; dimensions shown are for full-scale tests). The
downstream hot section contained a ceramic liner to protect the metal pressure casing. Emissions
samples were taken seven inches downstream of the dome face using five fixed probes arranged to
sample approximately equiarearegions of the exit plane.

Ceramic Liner

7.0 Inches >|

A

Fuel Supply Tube

Emissions Sampling Probes

l«—5.75 Inches —>|

===

Ceramic Liner

Figure 59. SwRI Test Rig Schematic

Several cyclone design parameters were varied and tested. In terms of fuel injection, this was
accomplished by changing the number of injection ports. M ost of the changes, however, wererel ated
tothecycloneair flow. Changesto the swirler included vane angle, number of vanes, slot height and
width, and swirler diameter. All of these changes impacted the swirl number of the cyclone (and
effectivearea, unlessvaried in the necessary proportionsto maintain constant area). The centerbody
and throat diametersand dump cooling hol e patternswere al so primary variablesthat were changed.
Inthesubscaledesigns, theinternal air flow distributionwasheld rel atively constant (that is, theflow
splits between the air through swirler, air assist ports, centerbody cooling, and outer dome cooling
were nearly constant). Theinternal flow splitswould be varied to some extent in full-scale designs.

Three subscale and two full-scal e configurationsweretested prior to the LPP/RQL downselect. Key
features of thesedesignsarelistedin Table 13. Thefeaturesof the subscale designsweredrawn from
previous development experience. The full-scale designs were developed from the subscale test
experience. Note that the required full-scale flow areais more than three times that of the subscale
designs, making the full-scale configurations much larger geometrically.
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Table 13. LPP Cyclone Pilot Design Summary (Configurations 15-18, 20.3)
Subscale Subscale Subscale “Full Scale” | “Full Scale”
Parameter Config 16 Config 17 Config 18 Config 15 Config 20.3
General Overall Effective Flow Area, in? 0.6 0.6 0.6 1.01 1.70
Swirl Number 0.85 0.85 0.85 0.70 1.16
Air Gap Around Centerbody, in 0.15 0.15 0.013 None None
(Off Center) (Ferrule)
Swirler Inner Diameter, in 1.736 1.736 1.736 2.400 3.800
Outer Diameter, in 1.975 1.975 1.975 2.600 4.050
Number of Slots 48 48 48 80 80
Slot Angle, ° 45 45 45 30 50
Slot Height, in 0.504 0.504 0.504 0.800 0.450
Slot Width, in 0.025 0.025 0.025 0.025 0.050
Centerbody | Outer Diameter, in 1.181 1.181 1.181 1.350 2.750
FuelInjection Air-Assist Hole Dia, in 0.110 0.110 0.110 0.150 0.130
Number of Holes 6 6 6 8 15
Throat Diameter, in 1.592 1.592 1.592 2.000 3.400
Side Cooling Hole Diameter, in 0.145 0.145 0.145 0.125 0.135
Number of Holes 20 20 20 30 30
Fuel Number of Injection Ports 6 6 6 8 15
Injector Tube OD, in 0.065 0.065 0.065 0.065 0.0625
Tube ID, in 0.020 0.020 0.020 0.020 0.020

Subscale Concepts

The three subscal e conceptstested were actually simple variations of the same design. The primary
designwas Configuration 16, which wasto be used in the moderately mixed MRA sector (described
later). The intent of testing the other two was to assess the impact of centerbody centering and air
leakage around the centerbody on emissions, lean blowout, autoignition, and flashback.

Configuration 16 featured a 0.15-in nominal gap around the centerbody, allowing additional air to
enter the premixing cavity. The centerbody was centered such that the gap was essentially equal all
the way around. This was the preferred design by the mechanical designers for manufacturing,
assembly, cost, and weight reasons.

Configuration 17 was the same except that the centerbody was moved off-center. Thiswas doneto
verify that misalignment, mainly as aresult of differential thermal growth at different pointsin the
flight envelope, did not impact performance.

Finally, Configuration 18 placed aferrule around the centerbody to essentially eliminate the gap (to
0.013 inch nominally). Thiswastested in case the air gap proved to adversely impact emissions. If
the presence of an air gap or the centerbody centering within the gap had proven to be a significant
problem, the ferruled design would have been used in the sector.

Thetestswerevery successful. No autoignition or flashback eventswere observed whiletesting any
of the designs. No measurable differences in lean blowout were detected, although data scatter
makes it difficult to compare the results with confidence (Figure 60). Key emissions plots are
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Figure 60. Impact of Injector Positioning on LPP Cyclone Lean Blowout

presented in Figures 61 through 64. These results suggest that NOx emissions were not impacted
by the air leakage and centering. Combustion efficiencies showed some divergence but remained
quite acceptable at the conditions tested. The results suggested there was no need to add aferrule
to the cyclone and that misalignment of the centerbody did not greatly impact operation.

The Configuration 16 cyclonewas sel ected for usein the highly successful moderately mixed MRA
sector that demonstrated supersonic cruise NOx EI below 5 (described later).

Full-Scale Concepts

Because of successful demonstration in the moderately mixed MRA sector, Configuration 16 be-
came the baseline for development of full-scale designs. Ideally, the features of Configuration 16
could be scaled-up directly to the desired flow areafor afull-scale design. However, this was not
possible for several reasons. First and foremost, direct scale-up would greatly increase bulk resi-
dencetimesin the premixer and consequently rai se significant autoignition concerns. Other reasons
relate to arange of geometric limitations.

Oneisthat direct scale-up would result in 18 to 24 fuel injection ports, much more than the original
6. So many portsare physically impossibleto implement because cooling air flow arearequirements
internal to the centerbody limit the space available for injectors.

There are adso diametrical limits to the swirler. Without increasing the diameter of the pilot dome
(and therefore the outer casing) to increase the circumferential length available, the pilots were
limited to a specific maximum outer diameter to avoid interferences. Although the number of pilots
used in the engine could be varied to adjust the necessary flow area and size of each, that would
simultaneously change the number of IMFH tube banks in the engine.
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Figure 62. Impact of Injector Positioning on LPP Cyclone Combustion Efficiency
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Only two full-scale cyclones were tested prior to the LPP/RQL downselect. The first, designated
Configuration 15, wasdesigned to have much longer bulk residencetimesthan the previoussubscale
configurations. Thiswas donein an attempt to improve premixing and vaporization to reduce NOX,
an early analytical concern as the size of the cyclone increased. Unfortunately, residence time
appears to have been too long, as the bottom surface of the centerbody heat shield was completely
burned off inthetest. It isnot clear when the damage occurred, but the final set of dataacquired was
at nominal supersonic cruise conditions (low pressure drop). It isalso possible that afuel leak was
involved, but no proof exists to substantiate this. To the contrary, because the damage was mostly
to the centerbody (with some spreading across to the throat), with no upstream damage, it was
probably not the result of afuel leak.

Emissions overall werereasonably low (Figures 65 through 68), but the design obviously could not
be used. Combustion efficiencies were not quite as good as the baseline subscale design but re-
mained quite high. It isinteresting that the cyclone appeared to be operating as a diffusion burner
at supersonic cruise. Thisis evident in the flatness of the NOx versus flame temperature curve.
Unlike diffusion flames, premixed flames normally show patterns similar to the Configuration 16
data, or tothefull-scaledatashown at 850°F. Because of the hardware damage, no lean-blowout data
were acquired.

To reduce the chances of additiona hardware damage, al new full-scale cyclone configurations
were designed with bulk residence timesin the premixing chamber closer to those of the subscale
designs (on the order of 0.3 ms).

The other full-scale design tested prior to downselect was Configuration 20.3. This configuration
was designed to have a higher swirl number (1.15 versus 0.85 for Configuration 16) in an attempt
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Figure 65. Subscale and First Full-Scale LPP Cyclone NOx Emissions at 850°F, 150 psia
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Figure 68. Subscale and First Full-Scale LPP Cyclone Combustion Efficiency
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toimprove mixing and lean blowout. It wasalso quitelarge (4.05-in OD) with alarge number of fuel
injection ports (15), although still fewer than atrue scale-up of subscale concepts. Sometesting was
performed at SwRI, but time limits necessitated shipment for completion of the testing at NASA—
Glenn.

The resultswere quite promising. Lean blowout was significantly improved over Configuration 16
(Figure 69), which had already demonstrated acceptable |ean blowout levelsin a sector. Emissions
were also similar to those demonstrated by the baseline subscale design (Figures 70 and 71).
Configuration 16 wasnever tested at true ground idle conditions, but other dataat |ow power suggest
that CO El was somewhere around 25, so the goal was to at least match this level with the new
full-scale designs. Unfortunately, ground idle CO camein higher, at about 36 El (Figure 72). Other
ground idle datawere acceptable, although combustion efficiency remained abit lower than desired
(Figures 73 and 74).

The data show that the full-scale designs are capabl e of providing emissionslevels similar to those
produced by the subscale designs. Although ground idle CO remained a little high, lean blowout
showed measurable improvement. The significance of demonstrating reasonable emissions levels
at full scale was tremendous, since scale-up for a sector or an engine would not have been possible
if the performance had drastically changed. Several additional full-scale designs were tested after
the LPP/RQL downselect and will be described later in this report.
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4.4.2 RQL Combustor Development
4.4.2.1 Initial Wall-Jet Type RQL Combustor Rig

Theearliest RQL investigations under thistask used the single-nozzle, modular rig from the funda-
mental validation and design base data acquisition effort of Item 1 of Section 4.3.2.3. Thisand most
subsequent RQL -type combustor rigswere evaluated in Cell 1 at the Jet Burner Test Stand at UTRC.
Therigincorporated independent control of the airflow to therich and quench zones of the combus-
tor. The quench airstream was directed into the gas path from amanifold around the quench section
of the rig. The rich combustion zone consisted of a cylindrical section followed by a conical
convergent section to the quench entrance. Cylindrical spools of varying lengths were available to
implement different residence times in the rich zone. The convergent section was 1.6-in long,
transitioning from the 5-in diameter combustor to the 3-in diameter quench section at an included
angleof 64°. Thelean zone consisted of adivergent section at the quench exit followed by aseparate
cylindrical section. The 3.2-in long divergent section transitioned from the 3-in diameter quench to
the 5-in diameter cylindrical section at an included angle of 34°. Cylindrical spools of various
lengths were al so available to implement alternative lean-zone lengths. All of these sectionsincor-
porated double-wall construction with an internal water jacket. The 8-in nominal pipe size spools
contained a 1.25-in thick ceramic liner to provide thermal insulation and achieve the gas-path
diameters mentioned above. The insulating liners were cast in place in the spools from Plibrico
Plicast 40, acommercia ceramic consisting of mostly alumina. This material was selected because
it offersfavorable thermal shock properties and the ability to withstand combustor temperatures up
to 3400°F.

Whilethisrig provided significant sizing, performance, and emissions databasesfrom which design
criteria were developed, the performance of the quench jet penetration/mixing/dispersion was
discovered to beacritical NOx generation mechanism. A number of candidate quench-zone config-
urations, having different numbers and sizes of quench air orifices, were evaluated in the initia
program. Theseincluded oval or dlotted orifices aligned at off-axial directions, circular and square
orifices, and variationsin the number of orifices, including amultiorifice sized configuration. Inthe
final configuration, which provided the best NOx and CO emissions characteristics, the quench
airflow was injected into the gas path through eight, 0.719-in-diameter, equally spaced, circular
orifices. The quench section length and inner diameter was 3.375 and 3 inches, respectively, and the
axial plane of the hole centerlineswas equidistant from the quench entrance and exit. Theeight-hole
guench section design had one air inlet and was fabricated from 316 stainless steel. Again, heat loss
to the cooled surface was minimized with use of a 0.03-in-thick, flame-sprayed coating of zirconia
oxide. The design included two, 0.10-in-high, annular passagesin a 0.75-in-thick-wall, quench-jet
metal cylinder. Each annuluswas 1.10-in wide and located to provide a0.75-in-wide uncool ed band
at the center for the quench air orifices.

4.4.2.2 Integrated Module Rig, Further Wall-Jet Quench Development

At this point in the program, many of the initial subcomponent development efforts of Subsection
4.3.2.3—suchasltems?2, 3, and 4— were coming to fruition and offered potential for incorporation
into the next-generation RQL combustor rig. These offered an opportunity to break with the earlier
cast-ceramic-type construction and use much more realistic design concepts including a variable-
geometry airpath fuel injector, a cast metallic liner for the rich zone, a wall-jet-type quench zone
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consistent with the metallic liner, and flow splits driven by local pressure distribution rather than a
piping-valve control system.

In the integrated module rig, combustor airflow was delivered to the test section spool that housed
the fuel injector as well as the combustor module, including the rich zone and quench sections, as
shown in Figure 75. The aerating fuel injector shown on Figure 76 combines a small-airflow,
two—passage injector with a variable-geometry airflow component located coaxially with the core
two-passage injector. The two-passage aerating injector was sized consistent with minimum rich-
zone air loading and was surrounded by avariable-geometry, annular swirler that can open to meet
the entire range of airflow demand. This design approach offersthe decided advantage of divorcing
the fuel-atomization process from the modul ated-airflow feature and was the preferred mechanical
approach for the aerating injector.

The rich-zone liner was constructed from PWA 1422, a directionally solidified nickel alloy. The
liners were fabricated using the quick-cast process that employs a stereolithographic model as the
pattern in theinvestment casting process. Theliner was approximately 6.3 incheslong and cylindri-
cal, with approximately a5-in ID. Astherich-zone flowfield progresses towards the quench plane,
the liner shape is curved radially inward to create the quench throat diameter, a key parametric
variable assessed during the combustion tests The liner was held in position by eight tabs spaced
uniformly about the circumference of the outer surface of the liner. These tabs were engaged by a
tab-holder mechanism that protruded from the test section spool to grab the tabs on the liner. The
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surfaces of therich-zone liner exposed to the combusting gases had a TBC, applied with a plasma-
spray process. Therich-zone liner was convectively cooled with the quench air that flowed through
an outer-shroud annulus.

The objective of the quench vane design was to achieve rapid mixing of the rich-zone flow with the
guench air, so that minimal NOx isformed asthe local conditionsin the quench zone pass through
an equivalence ratio of 1 and regions of hot mixed gas. The quench vanes were constructed from
PWA 1480, asingle-crystal nickel alloy. A stereolithography pattern and the resulting quench vanes
are shown in Figures 77 and 78 respectively.

The quench vanes were designed to take the rich-zone liner convective cooling air, turn it 90°, and
divide it into discrete quench jets. To minimize pressure |losses associate with this process, the air
passage was designed to be continuously convergent as the vane transitioned flow from the cooling
annulus into the quench jet. Many quench vane designs were committed to fabrication in addition
tothe 8- and 12-vane configurations of Figures 79 and 80. Othersincluded 16- and 24-vane configu-
rations, vaneswith the flowpath canted relative to radial to induce aswirling component in the jets,
and vanes compatible with different quench throat diameters.

The quench extension section consisted of awater-cooled spool piece with adiameter that matched
the quench throat diameter and extended an axial distanceto confinearegion for the quench mixing
process prior to expansion or dump of theflow into thelean zone. Various quench extension lengths
were evaluated in this program, including 1.1, 1.6, 2.7, and 3.2 in. The lean-zone section was
cylindrical in shape, 5-in diameter, and had atotal spool section length of 9 in. The exit plane of the
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Figure 77. Stereolithography Pattern for Casting Quench Vanes for the Integrated Module Rig

Figure 78. Quench Vanes with Thermal Paint Applied to Surface for Heat Transfer Evaluation
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Figure 79. Eight-Quench-Vane Configuration

Figure 80. Twelve-Quench-Vane Configuration
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combustor was defined by the location of the probe tips of the axially traversable emissions-probe
system, making lean-zone residence time a primary focus in the combustion test program.

The results of combustion testing of thisrig, presented in Section 4.6.3.1, will indicate a trend of
nearly consistent NOx emissions— suggesting that NOx formation isamore global characteristic.
CO residue trends indicate that geometries having more but smaller wall-jet orifices are more
effective at consuming CO. Overall, it is concluded that a RQL combustor, using the more conven-
tional wall-jet technology, demonstrated the capability of achieving an EINOx of 13.6 g/kg fuel at
the supersonic flight condition (relative to the program goal of 5 g/kg fuel). This RQL combustor,
with wall-jet technology, also demonstrated the capability of achieving the program goal of 99.9%
efficiency at supersonic cruise conditions. However, thiswall-jet RQL combustor was operated at
an elevated combustor pressure drop, approximately 8.5% (relative to a design target combustor
pressure drop of 5%), to achieve this NOx and CO emissions performance.

4.4.2.3 Reduced-Scale Quench, Convoluted Liner/Quench Plate
Configuration

What is reduced scale quench? In the wall-jet configurations the characteristic diameter or dimen-
sion of the quench air jets was of the order of 0.7 inches, and these jets penetrated over a radial
distance fromwall to centerline of typically 1.5 inches. Thetesting of many wall-jet configurations
indicated an insensitivity of NOx output — implying that the formation of NOx was rate sensitive.
To counter this limitation, means were pursued to reduce the size or dimension associated with the
wall jets while increasing the number of jets. Extensive computational and flow-visualization
experiments were conducted to define means in which quench air jets could be discharged from
numerous small orifices, with characteristic dimensions of 0.10 to 0.2 inches, into gas paths of
nominal depths of 0.5 inches or less; that is, a three to sixfold reduction in scale. Per Item 5 of
Subsection 4.3.2.3, the convoluted liner concept incorporates this technol ogy, as described below.

Theintegrated modul erig RSQ/convol uted-liner combustor configuration consisted of thevariable-
geometry fuel injector described in Subsection 4.4.2.2, aconvoluted rich-zoneliner, aninsert “ nose
piece” to guidethe convective cooling air around the outside of the convoluted liner, aquench plate,
and alean zone as shown in Figure 81 and the exploded view of the assembly in Figure 82 Details
of each section are described in the following paragraphs.

The rich-quench module consisted of arich-zone liner (Figure 83) constructed from PWA 1422, a
directionally solidified nickel alloy, following the same fabrication processes as the symmetric cast
linersfor thewall-jet typerig. Theliner was6.715 incheslong and cylindrical witha5-inID for most
of therich-zone length. Asthe rich-zone flowfield progresses towards the exit or quench plane, the
liner shape is convoluted to divide the rich-zone flow into four channels. The eight |obes formed
becomethe majority of theflowpath for therich zone, and the '2-in width and channel height become
the characteristic dimensions for that flowpath. The two outermost channels extended 2.85 inches
in vertical length; the inner two channels extended 5.15 inches in vertical length. These channels
resulted in aflow areaof 9.573in? for the Gen | liner or 8.86 in? for the Gen |1 liner, approaching
the quench air introduction plane.

The liner was held in position by eight tabs spaced uniformly about the circumference of the outer
surface of theliner. Thesetabswere engaged by atab-holder mechanism that protruded from thetest
section spool to grab thetabs on theliner. The surfacesof therich-zone bulkhead and the convoluted
liner exposed to the combusting gases had TBC applied with aplasma-spray process. Therich-zone
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Figure 81. Integrated Module Rig Layout with RSQ Convoluted
Liner/Quench Plate Combustor Configuration
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Figure 82. Rich-Quench Module Assembly (Bulkhead Subassembly Not Shown)
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Figure 83. Rich-Zone Convoluted Liner

liner was convectively cooled with quench air. Towards the aft end of the rich-zone section, the
convective cooling air was guided, to air maintain contact with the rich-zone liner, through the use
of an insert “nose piece’ that acts as a filler or an aerodynamic guide so that the convective air
maintains velocity and, hence, cooling effectiveness as it is channeled between the convoluted
regions. The liner/nose piece assemblies were suspended inside a Hastelloy X tubular shroud that
forced the quench air acrossthe upstream cylindrical surface of therich liner for convective cooling
of that region.

Beyond directing the cooling/quench air along the back-side surface of the convoluted liner, the
insert “nose piece” aso distributed the quench air to the downstream edge of the liner. There it was
injected into the rich-zone gas from small orifices in a toothed quench plate to produce the RSQ
mixing. This quench plate was the focus of development and optimization efforts.

One of several quench plate geometries designed, fabricated, and tested in the combustion rig is
shown in Figure 84; details of the quench orifices are shown in Figure 85. The quench plate serves
to collect the shroud or quench air, turnitintheradial direction perpendicular to thefacesof theliner
lobes, and discharge it as numerous RSQ air jets The quench orifices were sized to control the
pressure drop and, in combination with the rich-zone swirler effective flow area, provide the ap-
propriate quantity of quench air to maintain the desired split of approximately 23% air into therich
zone of the combustor. The quench orifices were slots 0.300 or 0.325 inches in axial length. The
width of each slot varied throughout the channel lengths and was determined to provide optimum
mixing for minimizing NOx emissions. The quench channels in the quench plate were designed to
the same dimensions as the exhaust of the convoluted rich-zone liner, 0.5 inchesin channel height.
Inthe Configuration 15 quench plate shownin Figure 85, thereare 100 quench-air jet orifices. These
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guench plateswere fabricated from PWA 1422, using the quick-cast process. A small fraction of the
guench air (4% of total combustor air) was bled through 274 small effusion holes, 0.030 inchesin
diameter, on the downstream face of the plate as cooling air for the aft face of the quench plate as
shown in Figure 86. This aft face and the convoluted surface extending just downstream of the
guench orifices had plasma-sprayed TBC for thermal protection.

The lean-zone section was cylindrical and fabricated by the same cast ceramic in a stedl pipe
approach used for this section of earlier rigs; section length was 9 inches. The gas-side diameter of
theinlet region of the lean-zone section, as defined by the hot surface of the castable ceramic liner
exposed to the combustion gases, was 6 inches so that none of the quench channels would be
blocked. This flow area was quickly converged, over a 1-in length, to a 5-in diameter for the
remaining 8 inches of the spool section.

The exit plane of the combustor was defined by the location of the axialy and circumferentially
traversable, five-probe-head, emissionsrake system. In the furthest downstream position, the probe
tips penetrated 3 inches into the lean-zone cylindrical section. Thus, the maximum effective axial
length of thelean zonewas 6inches. However, thislength coul d be shortened by traversing the probe
system forward, hence making lean-zone residence time a primary focus in the combustion test.

Supporting technology activities provided a major effort toward definition and refinement of the
convoluted liner RSQ approach. These drew from Item 5 of Subection 4.3.2.3. aswell astherelated
technology of Items 3 and 4 of that section. Aerodynamic tests with probing and flow visualization
were used in defining realistic convoluted liner shapes and “nose piece” contours These involved
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Figure 86. Reduced-Scale Quench Plate Design
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oversize plexiglass models of the components. Similarly, a substantial number of different quench
air orificedistributionswere evaluated in col d-flow visualization testson oversize plexiglassmodel s
of the quench plates.

The aerodynamic tests focused on (1) jet-to-jet measurements of airflow and (2) tracer-gas testing
to assess uniformity of distribution among jets. The most successful configurations in these tests
proceeded to fabrication of metal quench plates for ultimate testing in the combustor rig, and the
resultsof thesetestsarereportedin Subsection4.6.3.2, whereit will beshown that aRQL combustor,
using RSQ technology implemented in aconvol uted liner/quench plate configuration, demonstrated
the capability of achieving an EINOx of 9.2 at the supersonic flight condition (relative to the
program goal of 5 g/kg fuel). The RSQ configurations demonstrated exceptional efficiencies at
supersonic cruise conditions. Uniformity was also found to play an important role in determining
the emissions performance of the RSQ convoluted liner/quench plate combustor configuration.

4.4.2.4 RSQ Vane Development

The objective of the RSQ vane design was to achieve the most rapid mixing of the rich-zone flow
withtheguench air, so that minimal NOx isproduced asthelocal conditionsin the quench zone pass
through an equivalence ratio of 1 and regions of hot mixed ga. Optimum mixing is generally taken
to mean mixing to nearly ahomogeneous flow within the minimum time (flow distance). A number
of studies have been directed at determining flow geometries and parameters that lead to optimum
mixing. Of particular relevanceto thisinvestigation arethose studying normal jetsin confined flows.
Whileit could be argued that RSQ vanes (typically nonaerodynamically shaped) have flow expan-
sion and the potential for some downstream recirculation, mixing should be completed within the
confined-jet region of the quench zone in order to achieve low NOx emissions; therefore, the
confined-jet flow studies have relevance for supporting this design.

To assess the impact of the many design variables associated with quench air introduction, many
RSQ designs were committed to fabrication prior to the initiation of the single-module rig testing
so that rapid changes in hardware could be accomplished, in most cases overnight, to facilitate
efficient use of the combustion test facility. Consequently, feedback of test results to evolution of
the design was not extensive, but abroader range of parameterswas assessed. Nevertheless, several
considerations can be described that wereimportant in the RSQ vane design, such asjet-penetration
analysis and mixing optimization.

Mixing studiesof jetsin crossflow found that the most significant flow variables are the momentum
flux ratio, J, andtheratio of the orifice spacing to the channel height, SH. Ultimately, thesevariables
determine jet penetration, which has been identified as an important variable for mixing perfor-
mance. If thejetsdo not penetrate, then quench air isconfined to the boundary layer next to the RSQ
vane. If thejetsoverpenetrate, astratified region of quench air isformed on the centerline where the
opposed jets meet. Therefore, for a given geometry an optimum J is expected. Optimum mixing is
generally assumed to mean leading to a uniform distribution of conserved scalar quantitiesin a
minimum downstream distance. It is presumed that achieving this degree of mixing should also
resultinthelowest NOx emissionsbecause most NOx isformed in the guench mixing zone of aRQL
combustor.

Studies of the penetration of a circular jet normal to an unconfined flow generaly correlate the
coordinates of the jet as a power law function in the normalized axial direction and have been
extended here for noncircular jet shapes:
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where: yp =jet penetration in the unconfined flow,
dh, =jet orifice hydraulic diameter,
J =jet-to-crossflow momentum flux ratio in the unconfined flow, and
x = distance downstream of injection location.

The constant K depends on the point within the jet that is being followed: centerline or the inner or
outer boundaries. A recommend value of K = 0.56 is used to track the penetration of the centerline
of thejet.

A jet injected into a confined flow, as found in the quench zone, locally accelerates the crossflow,
whichinturnreducesthe penetration. Ultimately thejet mixeswith the crossflow, and ageneral flow
acceleration results from the jet mass addition. Near the plane of injection, the jets are coherent and
represent a blockage to the crossflow. Downstream the jets spread and mix, so the blockage effects
change as the flow develops.

A model was developed in the early phases of the RQL development to estimate blockage effects
of penetrating jets in a confined flow. In this model, a correction is applied to the jet-crossflow
momentum flux ratio to compensate for blockage, and the penetration is defined as before:

Yo _ .
d, - K\/J—b(x/dh)033

2
A —N-w-y
where: Jb=J<Q ,
Aq

Aq isthe crossflow area with no jet blockage,

N is the number of jets, and
w is the transverse-width projection of the jet.

A key parameter in mixing, therefore, is the jet-to-crossflow momentum flux ratio, J, defined as:
Py sz
PRUZ

where the parameters with R subscript are defined as the flow in the guench zone immediately
upstream of the quench-air jets, designated by parameterswith the subscript J. It can be shown that:

2 2
3=Pr(M acl
Pi\Mg) \ CoA;

where: pr = density of therich gas,
03 =density of thejet gas,
My = mass flow of jet,
MR = mass flow of crossflow (rich flow),
Aq = crossflow area,
A; =total areaof jets, and
Cq = discharge coefficient of jets.

J
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The ratio of the mass flow rates in the last equation may be replaced with (1/s—1)2, where sisthe
flow split between the rich zone and the quench zone. Once the design-point parameters for the
combustor are chosen (in this particular case, supersonic cruise) — that is, the flow split and the
desired fuel/air ratio overall — then thefirst factor, the density ratio, and the second factor, the mass
flow ratio, are fixed; the only remaining free variables are the areas of the crossflow and jets.

While the effort to define, evolve, and optimize the quench vane involved numerous technical
support efforts consistent with Item 6 of Section 4.3.2.3, an RQL combustor rig was essential to the
final screening of candidate vane configurations. The single-module rig combustor configuration
consisted of afuel-injection device, arich zone, aquench zone, and alean zone as shownin Figure
87. An exploded 3D view of the combustor is shown in Figure 88. Rich-zone air flow was bled off
of the inlet piping, upstream of an orifice plate, for delivery to the inlet of the quench zone spool
piece. The flowpath details of the quench zone are shown in Figure 89. While this flowpath is not
the most ideal configuration for fundamental testing, expedient use of existing hardware for rapid
guench vane devel opment testing was necessary. The rich-zone section consisted of a cylindrical
length followed by atransition to the rectangular quench zone entrance. The cylindrical portion was
4.5-in long and had a 5-in ID. The transition had an axial length of 1.5 inches over which the
combustor transitioned smoothly froma5-in 1D cylindrical crosssectiontoa4.06-inwideby 5.10-in
high rectangular cross section to match the quench-zone entrance. A sampling-probe system at the
exit of the combustor provided diagnostic emissions performance of the combustor.

A number of RSQ vane geometries were designed, fabricated, and tested to assess key quench-jet
orifice parameters and effects on NOx emissions. The greatest number of configurations consisted
of four vanes equally spaced in the quench zone: two in the center and two vanes buried half way
into thewall. Configurationsincorporating five vaneswere al so tested, in two quench zone channel
heights. All RSQ vanes had the same dimension in the spanwise (quench zone channel length)
direction: 4.06 in. Figure 90 shows the dimensional variations of quench channel/vane configura-
tions evaluated.

Mixing studies are helpful for selection of relevant parameters and the initial design of the vanes.
In this program the mixing study results were taken as a starting point about which perturbations
were madeto seek an optimum design. A number of vaneswere madein thefour-vane configuration
in an effort to find the optimum mixing geometry as determined by emission measurementsin the
single-modulerig combustor. Theorificesfor these vaneswererectangul ar, characterized by awidth
crosswise to the flow and a length. The web is the width between adjacent orifices. Figures 91
through 96 show representative quench vane geometries sel ected from those evaluated in the defini-
tion studies and the combustion rig tests.

Since the technology to make reacting-mixing measurements at pressures and temperatures is not
available, water-tunnel flow visualization tests, chemical-kinetic-reactor-network calculations,
CFD calculations, and areview of nonreacting mixing results for jetsin crossflow were identified
(in addition to the combustion testing) as program elements of this effort. All elements needed to
be done concurrently, since there was limited time to gain this understanding.

Simultaneously, reacting 3D CFD calculations were made, using the commercially available code
FLUENT, for these geometries. The objective of these cal culationswasto obtain detailed, spatially
resolved, reacting, mixing information for the new designs. When coupled with the combustion
tests, these cal culations would improve understanding of the mixing and NOx formation process.
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. Figure 94. Single-Direction-Feed Quench Vane Geometry
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CFD calculations were performed to determine the influence of geometric and flow boundary
condition changeson the details of theflow field, thereby providing abasisfor correlating measured
NOx levels. Initial attempt to predict NOx levels directly ERE unsuccessful; the predicted levels
were found to be extremely sensitive to such changes while the measured levels showed much
smaller variations. An alternative means of correlating measured NOx levels with a relatively
easy-to-compute flowfield parameter was devel oped.

CFD calculations were made for the RQL geometric family known as RSQ. Three-dimensional
temperature and species distributions were assessed. EINOx levels were al so cal cul ated; however,
for reasonspresented in thefollowing discussion, the predicted NOx valueswerenot used in thefinal
assessment of performance. For RSQ geometries, asingle flow condition was used as the boundary
condition. However, the effects of changesin strut number, slot length, slot width, number of slots,
and slot orientation were modeled. Sensitivity of results to numerical issues was also examined.

CFD solutionswere provided using the commercial code FLUENT, asit wastheonly codeavailable
to the program that was capable of providing two-phase, reacting, flow ssimulations (the fuel was
modeled asaliquidinjectedintotheairflow stream). Finally, the codeincludesathermal NOx model
that may also be run with a probability density function (PDF) model to incorporate the effects of
fluctuating temperature and major species on EINOx. The fuel spray droplet size distribution was
determined experimentally and fitted with a Rosin—Rammler distribution with a width parameter
of 1.7 and characteristic size of 60 um; these parameters correspond to 28-um Sauter mean diameter.

The CFD calculations with the RSQ geometries took advantage of the upstream axisymmetric
geometry to smplify the problem. An axisymmetric, two-phase flow case was first run upstream
of the RSQ mixing section with flow conditions at the exit of the swirlersassigned. The axisymmet-
ric profiles at the end of this section were then used as boundary conditionsfor the 3D flow through
the RSQ mixing section. Note that the fuel was completely vaporized well upstream of the RSQ
mixing section. The PDF model was used for the axisymmetric calculation; however, through the
RSQ mixing section a two-step, mixed-is-burned model was used with the chemical reactions:

CO + 1507 — COy
Ho + 20, — H20
Thus, six chemical specieswere used for the RSQ mixing section: CO, CO», Ha, H20, O, and No.

It was necessary to limit the maximum number of grid points to about 200,000. As a consequence,
it was not possible to resolve all of the important regions of the flowfield adequately. It was found
that predicted NOx levels were very sensitive to grid resolution, and no satisfactory remedy was
found. This limitation motivated the search for an alternative way of assessing performance. The
active-volume parameter method described later shows much less sensitivity to grid resolution. For
RSQ mixing geometries, a large number of slot length, width, and number combinations were
modeled, together with different strut-to-strut spacing variations. For these cal culations, three basic
computational domains were modeled: full section, quarter section, and strut to strut.

Initial caseswererunwiththeentire RSQ mixing sectionandlean zonesimulated. A typica example
Ispresented in Figure 97. Analyzing the entire geometry was motivated by the fact that the axisym-
metric-flow calculations showed alarge amount of residual swirl at the end of therich zone. While
it was anticipated that the struts removed essentially al of the swirl, there was no way to determine
apriori what effect the residual swirl had on performance.

NASA/CR—2005-213584/VOL2 &3



There was also concern that the maximum grid number did not provide adequate resolution of the
flow in the spanwise direction, especially as the number of dlots increased. Therefore, severa
additional caseswererun using aquarter section, an example of which isshown in Figure 98. This
approach obviously changed the nature of the swirling flow as it approached the struts, viewed in
terms of the full domain.

Finally, to increase grid resolution even further, strut-to-strut domains were used; an example is
presentedin Figure 99. Hereall effectsof swirl wereignored, and theinlet boundary conditionswere
replaced by uniform, mass-averaged conditions from the axisymmetric case.

For an RSQ geometry calculation in which the grid was progressively refined in the strut-to-strut
direction, the NOx level sincreased proportionally. However, the flowfields showed little sensitivity
to grid density, although it is known that NOx levels are very sensitive to local conditions. This
sensitivity of results led to the examination of alternative means of assessing performance or
correlating measured NOXx level swith geometric changes— seethe discussion of the active volume
parameter, below.

The computed NOXx levels for all of these calculations are shown in Figure 100. Note the extreme
sensitivity togrid density. Asthegrid cell sizewasreduced, nonconvergent behavior of the predicted
NOXx is apparent. Recall that computed NOx levels are sensitive to changes in slot length, width,
number, etc. aswell asto changesin grid density or the geometry of the computational domain. The
measured NOx values were much less sensitive to slot geometry in the active-geometry approach.
An active-volume parameter (AVP) is defined:

AVP = > AV, (F/A)pin = (F/A); = (F/A)max

Each control volume in a CFD solution can be viewed as aminiature chemical reactor that has the
potential for producing NOx. For fixed inlet conditions, NOx production rates depend on the local
fuel/air ratio or, equivalently, local temperature. In the ssimplest form (the manner inwhichit isused
here), the active-volume parameter considers only those control volumeswith afuel/air ratio within
aspecified range. Based on knowledge of the NOx generation processes, attention was restricted to
fuel/air ratios between 0.055 and 0.075, the latter being somewhat higher than the stoichiometric
value. Specifically, the AVP is the total volume of gas within the specified fuel/air ratio range. In
Figure 101, therangeof variation for the AV Pisshown for the baseline configuration using different
modeling assumptions. In contrast to the variation of computed NOx levelsfor these cases (Figure
100), the AV P shows much less variation.

Figure 102 shows the volume represented by AV P for two different RSQ mixing geometries. One
geometry has 6 quench-air injection orifices per side of the strut, and the other geometry has 18
guench-air injection orifices. The first geometry (6 orifices per side) has more volume at fuel/air
ratios between 0.055 and 0.075 than the other (18 orifices per side); consequently, mixing was better
and the NOx emissions would be expected to be lower.

The measured NOx versus AVP is plotted in Figure 103 for a number of RSQ geometries. It is
observed that measured NOx decreases with decreasing AVP. It is also observed that the measured
NOXx trend with respect to AV P is independent of the calculation domain.

This task met the objectives to (1) design and fabricate various quench vane configurations that
implement reduced-scal e quench technology, (2) parametrically vary key geometric and flow vari-
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Figure 97. Full Domain for CFD Analyses of Quench
Vane Geometries

- Figure 98. Quarter-Symmetry Domain for CFD Analyses of
- Quench Vane Geometries

\ / Figure 99. Strut-to-Strut Domain for CFD Analyses of
Quench Vane Geometries
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ables, and (3) evaluate performance in asingle-modul e rig combustor in support of development of
aproduct-likeimplementation of RSQ technology. It included CFD analyses and water-flow visual-
ization of quench vane configurations to aid engineering comprehension of the flowfield impacts
associated with various RSQ parameters.

4.4.2.5 RSQ Vanes for Product Module Rig

The RQL product module rig was designed to approximate one inner-bank module of the RQL
3770.54 product engine. The product engine design consisted of two banks radially with the inner
bank flowing approximately 40% of the total combustor airflow. Theinner bank was composed of
24 trapezoidal modules. The product module rig was therefore designed to fit within a 15° sector
with an inner radius of 13.150 inches and an outer radius of 19.595 inches.

The Build /1A RQL configuration incorporates the RSQ concept by using quench vanesto break
up the quench zone into three channels 0.500 inches wide by 4.797 inches long, as can be seenin
Figure 104. These 0.500-in channels are created by two quench vanes and two sidewall turning
strips. Figure 105 is a 3D solid-model exploded view of the combustor.

Therich-zoneliner is awire el ectrical -discharge machined (EDM), directionally solidified, nickel
alloy (PWA 1422) in abasic trapezoidal sector. Two slots to accept the quench vanes are machined

Channel
3 Places

Figure 104. Aft-Looking-Forward View of Product Module Rig Build 1
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Figure 105. Exploded View of Product Module Rig Build 1

on the aft edge. Theinner surface of the liner has TBC over the region exposed to flame. The upper
and lower surfaces of the liner are impingement cooled. The spent impingement air is exhausted
rearwards and convectively coolsthe areaof theliner between the quench vanesbeforeit isdumped
into the exit transition zone. The side walls of the liner are convectively cooled. Figure 106 is an
exploded view of the quench vane assembly. The platformsand supportsare brazed to the outer vane
shell with agold/nickel braze. The vane impingement baffle is then electron beam (EB) welded to
this assembly. The vane outer shell is wire-EDM cut from a single-crystal, nickel casting (PWA
1484). Theshell profileisatapered racetrack shape. Theaxial lengthisaconstant 1.896incheswhile
the width of the vane tapers at a 7.5° angle from 1.284 inches at the OD to 0.644 inches at the ID.
After the platformsand supportsare brazed to it, the outer surfaceis TBC’ ed and the quench orifices
are laser cut. There are 22 main quench orifices on each side of the vane, each 0.123 inches wide
by 0.250inchesaxially. Upstream and downstream of themain orificesare exhaust slotsfor the spent
impingement cooling air. These dotsare 0.123 incheswide by 0.054 inches axially and are located
inlinewith the main orificesthick structurewire cut from Inconel 625 bar stock. A staggered array
of 299 impingement holes, 0.025 inches in diameter each, is laser cut into the leading and trailing
edges of the shell (598 total holes per vane). The impingement baffle was welded at one end and
allowed to move thermally at the other end.

The vane baffle is machined with rails that mate with alongitudinal pad on the inside of the vane
outer shells to separate the impingement air from the main quench air as seen in Figure 107. A
cruciform splitter is placed inside the impingement baffle. This cross-shaped piece separatesthe ID
and OD sides of the vane after slot 17 out of 22 (with slot 1 toward the OD side of the vane). The
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Figure 107. Product Module Rig Build 1 Quench Vane Flowpath Views

cruciform also separates the left and right sides of the baffle. Definition and optimization of these
internal quench vane features were established by fluid dynamic experiments on an oversize model
of the vane. A modification to the Build 1 design was intended to perturb the split within the
combustor in an attempt to bring the split inlinewith design intent. The modification of Build 1 into
Build 1A involved atering the airflow split between rich and quench flows by partial blockage of
part of the fuel-injector swirlers.

Build 2 of the product module rig focused on the following major changes: smaller quench-zone
channel height for improved emissions, simulation of an annular RQL configuration with improved
feed of sidewall quench orifices, and improved rich-zone liner cooling control as shown on Figure
108. The design of Build 2 has four quench-zone channels, 0.3 inches wide relative to the Build 1
design that had three channels, 0.5 inches wide. The Build 2 design also incorporates * half vanes”
instead of turning strips at the sidewalls to smulate an annular rich-zone design in this single fuel
injector rig. The rich-zone liner was cooled on all four sides with impingement air. The spent
Impingement air was extracted from the rig, separately valved, and measured through a venturi.

Figure 109 isan exploded view of the quench vane assembly. The upper and lower supports are EB
welded to the outer shell. The vaneimpingement baffleisthen EB welded to thisassembly. Thevane
outer shell iswire-EDM cut from Inconel 625 bar stock. The shell profile is a tapered racetrack
shape. The axial length is a constant 1.896 inches while the width of the vane tapers from 0.854
inches at the OD to 0.540 inches at the ID. There are 37 main quench orifices on each side of the
vane, each 0.073incheswideby 0.150inchesaxially. Upstream and downstream of themain orifices
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Build 1 Build 2

o Air convectively cools liner side walls » Sidewall vanes are fed from ID and OD
and is then turned into the combustor shrouds (identical to center vanes)

at the quench plane . -
q P ¢ All liner surfaces are impingement cooled

e Liner ID and OD surfaces are
impingement cooled

Figure 108. Comparison of Airflow Paths for Product Module Rig Builds 1 and 2

Figure 109. Quench Vane Assembly for Product Module Rig Build 2
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are exhaust dots for the spent impingement cooling air. The upstream slots are 0.073 inches wide
by 0.064 inchesaxially and thedownstream slotsare 0.073incheswideby 0.032 inchesaxially. Both
sets of exhaust slots are located in line with the main orifices.

Build 2A was amodification of Build 2. The 0.51 in? fuel injector swirler was removed and a 0.68
in2 swirler wasinstalled, changing the airflow split between the rich and quench zones. The objec-
tives of this task was to design and fabricate a single-nozzle representation an inner bank of the
full-scale, dual-annular, RSQ-vane RQL combustor design for testing in the product module rig.
Subsection 4.6.3.3 will discuss the results of combustion tests at nominal supersonic cruise condi-
tion and at other critical conditions in the flight envelope, including airport vicinity and subsonic
cruise conditions, to evaluate the performance, emissions, and operability of these concepts.

4.5 Subscale Sector Testing

Multiple subscale sector tests were run over the course of the program. Lean direct injection, lean
premixed/prevaporized, and RQL systemswere all tested. Subscal e tests were used to better under-
stand the interactions between various combustor components without incurring the significantly
higher costs of full-scale tests. This allowed more design variations to be tested to maximize the
chances of meeting the stringent emissions requirements of the contract. Additionally, early pro-
gram plans called for the combustor to be tested in a demonstrator engine of current design. This
determined the subscale size.

4.5.1 Lean Direct Injection System

It was desired that a LDI system be tested in a rectangular, stepped-dome sector environment to
better understand the impact of interactions on emissions and stability. Five variations were tested
at NASA-Glenn from June 1996, to May 1997. Each had a common three-dome setup, as shown
in Figure 110. In all fivetests, the inner and outer domes each contained 12 of the LDI injectors. In
thefirst two tests, the center dome contained three cyclone pilots; in the other three cases, the pilots
werereplaced by another bank of 12 L DI injectors. Two testswereal so runinwhich the center dome
was flush with the inner and outer domes; in all other cases it was recessed.

As discussed in the subcomponent devel opment section, the LDI injectors used simplex pressure
atomizersto inject fuel at thethroat of aventuri into swirling air flow. Thisforcesrapid atomization
and mixing with minimal chance for autoignition or flashback, both concernsin LPP systems.

Figure 110. LDI Stepped-Dome: Multiventuri,
Rectangular, Three-Cup Sector
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A thick, ceramic casting was used to protect the sidewallsand liners. No combustor air was used for
cooling these surfaces. Instead, for heat removal, water was forced through tubes brazed to the
outside of the surfaces. Six gas-sampling probes were located at the exit plane (8.5x4.1-in rectan-
gle), approximately 6.5 inches downstream of the inner and outer dome faces. A traversing probe
was added for the fifth sector test. A range of inlet temperatures, pressures, pressure drops, and
fuel/air ratios were tested to better understand their impact on emissions. This information was
required for use in the LPP/LDI downselect process. The LDI concept was eventually eliminated
in favor of continued L PP devel opment.

45.1.1 LDI Sector Build 1

Thefirst LDI sector tested was arectangular, stepped-dome design with three cyclone pilotsin the
center dome. This was the primary LDI design expected to be used in an engine if emissions and
operability targets could be met. The center dome wasrecessed 1.85 inchesfrom theinner and outer
domes to isolate the pilots. The cyclone pilots contained swirlers with 2.05-in inner diameters and
sixty 70° vanes (1.0 swirl number). Each pilot contained six fuel-injection ports, on the centerbody,
of the same design asthose used in the L PP stepped-dome sectors and the highly mixed MRA sector
(all described later). The inner and outer domes each contained 12 of the 45°, axially swirled LDI
mixers described in the subcomponent development section. The swirlers were 0.85 inches in
diameter with a0.15-in diameter ssmplex fuel nozzle centerbody. The venturi throat was 0.54 inches
in diameter, expanding to an exit diameter of 1.0 inches; 80° cone angle (40° half angle) converging
and diverging sections formed the throat. M easured effective flow areas were 1.86, 1.61, and 1.82
in2 for the outer, center, and inner domes, respectively (5.3 in? total). This corresponded to 35.1,
30.4, and 34.5% flow splits. Notethat acycloneflow split closer to 20% wasto be used in an engine.

Thetest dataare summarized in Table 14 and Figures 111 through 116. It was demonstrated that at
1070°F, 137 psia, 4.5% AP, and uniform 3490°R flame temperature, sector combustion efficiencies
were 99.97% and NOx levels were approximately 8 El. By comparison, the 45° axially swirled
injector designshad demonstrated NOx valuesof 5.1 El at 1050°F, 150 psia, 3.5% AP/P, and 3420°R
flame temperature in subcomponent devel opment (a3x3 array with no pilots). Thus, as anticipated,
the pilots were increasing system NOx at higher power conditions. Following the test, the NOx
emissions data covering awide range of operating conditions were correlated, as shown in Figure
112. The resulting empirical correlation was:

NOx (El) = (8.1x1078) (T31:81)(0-00176Tfly(Ap/P)—0.602_ 2 18
where T3 and Tfl arein °R and AP/Pisin percent. The data collapsed onto this line quite well.

Based on the above information, it was projected that nominal supersonic cruise NOx would be 8
to 10 El with all three domes operating at the same flame temperature. Because the pilot was
primarily responsiblefor the elevated NOx at these conditions, the system wastested with areduced
pilot fuel/air ratio (whilethe fuel/air ratios of the inner and outer domeswere increased to maintain
the correct overall fuel/air ratio). The results are shown in Figure 113 (note that the nominal case
was a 0.304 fuel fraction in the sector test). Thistest was quite successful. For example, at 1060°F,
150 psia, 5% AP/P, and 3460°R flame temperature, NOx declined from nearly 5.5 El at apilot fuel
fraction of 0.304 to 4.1 El at 0.23. Thisresult was encouraging, since it showed that NOx could in
fact be reduced by operating the pilot fuel/air ratio below that of the LDI injectors. This also
simulated apilot flow split closer to the 20% anticipated for usein an engine, although nonlinearities
in NOx production make this an imperfect demonstration.
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Table 14. LDI Stepped-Dome Sector Emissions Summary (Build 1)
T3 P3 Pressure Sampie Flame pl Samp p Combustion Dome Equivalence Ratio
Drop Dome Temperature| NOx El EI CO EIHC Efficiency Relative To Average

{F) (psia) (%) Equiv Ratio (R) (g/kg fuel) | (g/kg fuel) | (g/kg fuel) (%) Outer I Pilot Inner
Fully Fired, 1062°F, 151 psia, 5.2% Pressure Drop

1058 1531 4.96% 0.453 3296 44 0.58 0.1 99.98% 100.4% 99.3% 100.4%

1064 150.5 512% 0.508 3481 71 0.70 0.09 99.97% 100.0% 100.3% 99.4%

1062 1489 5.37% 0.540 3585 8.9 0.78 0.09 99.97% 100.0% 98.8% 101.5%

1063 151.7 5.47% 0.574 3695 11.1 0.87 0.09 99.97% 100.0% 100.8% 98.9%
Fully Fired, 1070°F, 134 psia, 4.5% Pressure Drop

1075 136.6 4.54% 0.509 3492 7.8 0.74 0.17 99.97% 98.1% 101.6% 100.9%

1065 131.2 4.42% 0.553 3627 11.3 0.94 0.10 99.97% 100.3% 99.4% 100.3%
Fully Fired, 1070°F, 134 psia, 4.0% Pressure Drop

1064 132.3 3.93% 0.448 3278 47 0.61 011 99.97% 101.1% 98.2% 100.0%

1063 1321 4.01% 0.478 3380 83 0.68 0.10 99.97% 99.7% 101.3% 98.7%

1061 132.5 4.15% 0.522 3525 8.5 0.79 0.09 99.97% 100.9% 98.8% 100.6%

1052 134.2 4.02% 0.603 3777 126 1.15 0.1 99.96% 99.5% 99.2% 100.8%

1076 1341 3.58% 0.602 3789 15.7 112 0.09 99.96% 99.7% 100.0% 100.0%
Reduced Pilot, 1069°F, 131 psia, 4.6% Pressure Drop

1066 131.6 4.71% 0.512 3494 6.6 0.78 o 99.97% 106.6% 87.1% 104.7%

1072 131.2 4.57% 0.518 3518 7.5 0.82 0.11 99.97% 109.9% 81.1% 106.8%
Fully Fired, 886°F, 213 psia, 4.0% Pressure Dro

884 213.8 4.12% 0.514 3379 42 0.55 0.05 99.98% 99.4% 101.3% 99.4%

887 212.0 3.63% 0.533 3446 54 0.64 0.06 99.98% 100.0% 100.3% 100.0%

884 2134 4.03% 0.603 3676 85 0.65 0.05 99.98% 99.7% 99.7% 100.8%

887 211.3 4.07% 0.632 3770 109 0.68 0.05 99.98% 100.5% 99.7% 99.7%
Fully Fired, 592°F, 82 psia, 4.6% Pressure Drop

596 83.3 4.08% 0.522 3187 08 28.35 16.47 97.69% 100.3% 100.3% 99.1%

582 82.2 4.26% 0.553 3290 1.0 11.68 4.46 99.28% 99.2% 100.8% 100.6%

595 82.9 4.95% 0.559 3312 11 6.05 0.51 99.81% 100.3% 100.8% 98.6%

588 80.2 5.24% 0.591 3415 1.5 1.35 0.07 99.96% 99.7% 100.8% 99.7%

587 83.0 4.82% 0.628 3534 24 1.40 0.02 99.96% 99.5% 99.0% 101.7%

595 82.9 4.46% 0.687 3720 4.2 2.19 0.02 99.95% 99.5% 100.7% 99.8%
Pilot Only, 865°F, 166 psia, 6.2% Pressure Drop

863 166.7 5.88% 0.156 2049 7.1 8.8t 1.56 99.64% 0.0% 330.9% 0.0%

866 165.1 6.48% 0.126 1918 3.5 37.82 13.40 97.77% 0.0% 330.8% 0.0%
Pilot Only, 574°F, 70 psia, 5.2% Pressure Drop

574 689 | 522% | o182 [ 1900 10 | 4019 20.82 96.97% 00% | 3321% 0.0%
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Figure 111. LDI Stepped-Dome Multiventuri Three-Cup Sector NOx Emissions
(Build 1, Middle Dome Recessed with Cyclone Pilots)
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Figure 112. Multiventuri/Cyclone Sector, Stepped Dome NOx Correlation
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Figure 113. Multiventuri/Cyclone Sector, Stepped Effect of Pilot Fuel Flow
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Unfortunately, this method still resulted in a projected NOx of 5.4 El at nominal supersonic cruise
conditions (1200°F, 150 psia, 4% AP/P, 0.030 fuel/air ratio). Thiswasgetting very closeto thetarget
of 5 El but was not quite sufficient. It was anticipated that with further design improvementsin the
pilot and/or LDI injectors that the targeted nominal supersonic cruise NOx emissions of 5 El could
be achieved. However, without such improvements, it is expected that the pilot would still haveto
be operated at alower fuel/air ratio than theinner and outer domesto actually meet the requirement.
From a practical standpoint, it is anticipated that such nonuniform operation would introduce
undesirable combustor exit temperature profiles into the system. In fact, in terms of the turbine
designit would be desirableto operate the center (pilot) dome hotter than theinner and outer domes,
introducing something closer to acenter-peaked profile. Thus, without significant improvementsin
the cyclone (primarily) and/or the LDI injector emissions, a tradeoff between exit profiles and
emissions would have to be made.

Overall, the stepped-dome multiventuri/cyclone combustor concept worked well. Combustion effi-
ciencies were acceptable at low and moderate power and quite good at higher power conditions.
Nominal supersonic cruise NOx emissions were projected to be 8 to 10 El, although operating the
pilot at alower flame temperature than the inner and outer (LDI) domes suggested that this could
possibly be reduced to 5.4 El. It is expected that additional cyclone pilot and LDI injector develop-
ment would further improve emissions.

45.1.2 LDI Sector Build 2

Inthe second L DI sector build, the center dome was moved aft, reducing the recession to only 0.375
inches (the design did not quite allow for perfect alignment). Nothing el se was changed for thistest.
The purposewasto find out if aflat dome could be used in the combustor, sincethiswould certainly
be easier to manufacture. The concern wasthat by eliminating theisol ation of the center pilot dome,
emissions would be adversely impacted, especially low-power CO and hydrocarbons.

The results are summarized in Table 15. Comparisons to the recessed dome data from Build 1 are
presented in Figure 117. As anticipated, low-power combustion efficiency decreased significantly
without the isolation offered by the recessed pilot dome. Although easier to cool and manufacture,
the flush-dome design simply does not provide the isolation necessary to meet performance needs
at low power.

Table 15. LDI Stepped-Dome Sector Emissions Summary (Build 2)

T3 P3 AP/P THame Emissions Index (g/kg Fuel) Combustion
(°F) (psia) (%) (°R) NOx co HC Efficiency (%)
1026 153.0 4.00 3735 12.8 1.01 0.02 99.97
1026 152.0 3.70 3585 8.8 0.82 0.02 99.98
1025 149.0 4.70 3302 3.7 0.61 0.02 99.98
1024 147.0 4.50 3236 2.7 0.60 0.03 99.98
1024 148.0 4.60 2999 0.9 4.20 0.16 99.89

Fully Fired, 1025°F, 150 psia, 4.5% Pressure Drop
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Figure 117. LDI Stepped-Dome Multiventuri Sector Combustion Efficiency (Build 2)

45.1.3 LDI Sector Build 3

In thethird build of the LDI sector, the center dome cyclones would be replaced with another bank
of 12 LDI injectors. Whereas the inner and outer domes had 45° axial swirlers, the center dome
would contain 60° axial swirlers. Theintent wasfor the 60° injectorsto provide higher swirl and thus
greater stability, somewhat simulating the cyclone pilots. Note that the center dome was recessed
back totheoriginal position, astested in Build 1. Also notethat thetotal effectiveflow areaincreased
dightly, by about 0.1 in2.

The results are summarized in Table 16. Comparisons to the Build 1 data are shown in Figures 118
and 119. NOx ElI at near-cruise conditions was actually shown to be slightly better than Build 1 (by
about 1.5). This made sense, since the 60° LDI injectors demonstrated NOx levels similar to the
cyclone pilots at these conditions in single-cup tests. However, low-power combustion efficiency
was significantly worse than the mulitventuri/cyclone combination used in Build 1. Thus, the Build
1 combination had the significant advantage in that it provided the best low-power efficiency with
only slightly higher levels of high-power NOx.

45.1.4 LDI Sector Build 4

The fourth build of the LDI sector was identical to Build 3, except that the 60° center dome LDI
injectors were replaced with 45° injectorsidentical to thosein theinner and outer domes. Note that
the total effective flow areaincreased by about 0.3 in? relative to the Build 1 configuration.
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Table 16. LDI Stepped-Dome Sector Emissions Summary (Build 3)
T3 P3 AP/P Ttame Emissions Index (g/kg Fuel) Combustion
o i 0, o 1C1 0,
(°F) (psia) (%) (°R) NOX co HC Efficiency (%)
1052 153 4.3 3889 16.9 1.7 0.1 99.95
1052 152 4.8 3884 16.7 1.8 0.1 99.95
1052 153 4.9 3735 115 14 0.0 99.96
1054 149 4.9 3429 5.3 0.8 0.1 99.98
1055 150 4.8 3246 2.8 0.6 0.1 99.98
1055 152 3.0 3075 1.6 0.6 0.1 99.98
Fully Fired, 1053°F, 151 psia, 4.8% Pressure Drop
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Figure 118. LDI Stepped-Dome Multiventuri Sector NOx Emissions (Build 3)
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Figure 119. LDI Stepped-Dome Multiventuri Sector Combustion Efficiency (Build 3)

Theresults are summarized in Table 17. Comparisonsto the Build 1 and Build 3 dataare shownin
Figures 120 and 121. NOx at near-cruise conditionswas found to be 2-3 El lower than the multiven-
turi/cyclone combination of Build 1. Thiswasasignificant step forward in getting closer to meeting
the supersonic cruise NOx requirements of 5 El (projected to be 5 to 7 EI at nominal supersonic
cruiseconditions). However, thelow-power combustion efficiency waslower than the mulitventuri/
cyclonecombinationusedin Build 1, although it wasmuch better than Build 3with the 60° injectors.
Although not shown in Figure 121, limited data at 450°F, 50 psia showed a much more significant
reductionin combustion efficiency relativeto Build 1. Thedifferential isexpected to be even greater
at ground idle conditions (295°F, 45 psia). Thus, although thisbuild had thelowest near-cruise NOX,
the Build 1 combination had the best low-power efficiency. The stability problem of LDI injectors
at low power was an inherent problem with the concept that would be difficult to overcome.

Table 17. LDI Stepped-Dome Sector Emissions Summary (Build 4)

Ts P3 AP/P THame Emissions Index (g/kg Fuel) Combustion
(°F) (psia) (%) (°R) NOx co HC Efficiency (%)
1023 150 4.4 2920 0.41 37.62 7.05 98.41
1026 151 4.6 3092 0.96 4.00 0.39 99.97
1026 149 4.8 3245 212 0.69 0.03 99.98
1026 154 4.2 3390 3.72 0.55 0.03 99.98
1025 150 5.2 3542 5.78 0.66 0.03 99.98
1025 151 4.2 3675 8.62 0.78 0.03 99.98

Fully Fired, 1025°F, 151 psia, 4.6% Pressure Drop
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Figure 120. LDI Stepped-Dome Multiventuri Sector NOx Emissions (Build 4)
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Figure 121. LDI Stepped-Dome Multiventuri Sector Combustion Efficiency (Build 4)

NASA/CR—2005-213584/VOL2 102



4515 LDI Sector Build 5

Thefinal LDI sector tested wasidentical to Build 4 except the center dome was moved aft to aflush
position with theinner and outer domes (zero recession). The 45° LDI injectors were again used in
all three domes.

The results are summarized in Table 18. Comparisons to the Builds 1, 3, and 4 data are shown in
Figures 122 and 123. NOx El at near-cruise conditions was found to be about 1 lower than the
multiventuri/cyclone combination of Build 1. However, thelow-power combustion efficiency again
suffered relative to the mulitventuri/cyclone combination, although it was better than Build 3 with
the 60° LDI injectors.

Table 18. LDI Stepped-Dome Sector Emissions Summary (Build 5)

T3 P3 AP/P ThHame Emissions Index (g/kg Fuel) Combustion
(°F) (psia) (%) (°R) NOX co HC Efficiency (%)
1047 150 4.7 2798 0.64 121.00 51.57 91.99
1047 148 4.9 2957 0.90 16.01 1.12 99.51
1048 150 4.5 3129 1.91 1.65 0.06 99.96
1047 151 4.7 3280 3.50 0.78 0.03 99.98
1050 149 4.8 3437 591 0.60 0.02 99.98
1046 150 4.2 3603 9.51 0.81 0.02 99.98
1048 150 4.5 3729 13.28 0.82 0.03 99.98

Fully Fired, 1047°F, 150 psia, 4.7% Pressure Drop

Several key results came out of the five LDI sector tests. First, the recessed center dome appearsto
be extremely important in producing good low-power combustion efficiencies. When the domes
wereflush, low-power efficienciesdropped off significantly. Second, the use of cyclone pilotsinthe
center dome consi stently produced better low-power combustion efficiency than LDI injectors. The
use of either 45° or 60° LDI injectorsin the center domewas both found to beinferior to the cyclone
at low power. Finally, none of the configurationswere able to demonstrate the ability to comfortably
meet 5 El NOx at supersonic cruise conditions. Build 4 showed the most potential, with supersonic
cruiseNOx estimated to beinthe5to 7 El range. Unfortunately, thelack of low-power stability (that
is, the poor combustion efficiency) of this concept discouraged continued development. Thiswas
akey driver in the selection of an LPP system at the time of the LPP/LDI downselect.

4.5.2 Lean Premixed Prevaporized Systems

Although NOx EI below 5 at supersonic cruise had been demonstrated in single-cup development
tests of LPP subcomponent hardware, the impact of cyclone/IMFH interactions in a combustor
system was still in question. Two fundamentally different L PP systems were tested: stepped-dome
(SD) and multistage radial/axial (MRA). The stepped-dome is a triannular design in which the
middle pilot stage is recessed from an inner and outer set of IMFH tube banks. The basic stepped-
dome configurations used here were the same as those used in the LDI tests. The MRA design
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containsamain dometo which the IMFH tubes are attached, with aset of pilot cycloneson the outer
portion of the combustor pointing radially inward. Multiple variations of each type were tested, as
summarized in Table 19. The sector tests are described in chronological order. Some of these tests
wererunin parallel with the LDI tests described above; otherswere run after the LPP/LDI downse-
lect. Note that the number of cupsrefersto the number of cyclone pilotsin the sector (corresponding
to the number of “sections’ of an engine — typically there were to be 30 pilots per engine).

Table 19. LPP Sector Emissions Test Summary
Sector Name
parameter SD SD SD MMMRA MMMRA MMMRA
Impingement Lamilloy HMMRA Segmented Build 1 Build 2 Build 3
Test Dates 4/94, 6/94 10/94 11/95, 7-8/96 12/96 2-3/97 9/97 1-4/98
Dome Style Stepped Stepped MRA Stepped MRA MRA MRA
Fuel-Staging Mode Radial Radial Radial Radial Radial Circumferential | Circumferential
Liner Type Impingement Lamilloy Impingement Segmented Impingement Impingement Impingement
Pilots in Sector 5 5 4 5 5 5 5
Fuel Stages Available 3 3 5 3 5 8 8
Cross Section | Rectangular 2D | Rectangular 2D | Rectangular 2D | Rectangular 2D Curved 3D Curved 3D Curved 3D
Diffuser None None None None Multipassage Multipassage Multipassage
IMFH Tube Diameter (in) 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Fuel Injector Type Hypo Tubes Hypo Tubes Hypo Tubes Hypo Tubes Stingers Stingers Stingers
Cycle Ground Idle X X X X X
Points 15% LTO X X X
and 34% LTO X X X
g;‘;smns 65% LTO X X X X
Points SLTO X X X
Nominal Subsonic Cruise X X X X X X X
Start of Supersonic Cruise X
Nominal Supersonic Cruise X X X X
End of Supersonic Cruise X
Start of Descent X X X
Comparison Point X X X X X
Emissions Points Acquired 26 123 35 34 111 116 319

4.5.2.1 Highly Mixed MRA Sector

The first multistage radial/axial design tested was the so-called “highly mixed” MRA (HMMRA)
sector. This was a rectangular (2D), four-cup sector with five fueling stages. Figures 124 through
126 show details of the design. The cyclone pilots contained swirlers with 2.05-in inner diameters
and sixty 70° vanes (1.0 swirl number). Each pilot had six fuel-injection ports (plain jet air-blast
atomizers) on the centerbody. They were of the same design as those used in the stepped-dome
sectors (described later). For each pair of cyclone pilots, there were 28 associated | MFH tubes (each
pilot was associated with 14 tubes, but adjacent sections were mirror images— not identical). The
IMFH tubes were 5.5 inches in length with 0.56-in inner diameters. Hypo tubes were used for fuel
injection. These were 0.042-in OD by 0.022-in ID tubes located 1 inch from the IMFH tube inlet.
Themain domeand 22 of the IMFH tubeswere canted upward 45° from horizontal, with the bottom
six IMFH tubeshorizontal (parallel totheinner liner). Thepilotsand pilot domewereangled inward,
90° from the main domeface. It was this high degree of expected mixing and interaction that led to
the “Highly Mixed” naming convention for this sector.
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Figure 126. LPP Highly Mixed MRA Rectangular Sector Staging
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HMMRA Build 1

What turned out to bethefirst build of the HMMRA wastested at GEAE on November 2, 1995. The
liners and sidewalls in this sector used ceramic tiles glued in place to protect the hot-side surfaces
but relied on natural convection for back-side cooling. (The pilot liner was impingement cooled.)
Asit turned out, this was the downfall of the test. After lessthan an hour of fired testing, the outer
liner burned through, ending thetest before any emissions datawere acquired. Several ceramictiles
had detached, causing damage to the inner liner and sidewalls as well, although much less severe
than the outer liner damage. Fortunately the pilots, pilot dome, IMFH tubes, and main dome were
not affected. Thisled to arebuild of the sector, with new liners and sidewalls.

HMMRA Build 2

Thesecond build wastested at GEAE from July 12 through August 7, 1996. Build 2 was conceptual -
ly identical to Build 1 but introduced back-side impingement cooling on the liners and sidewallsto
mitigate the overheating problems previously encountered. In place of the ceramictiles,aTBC was
used to reduce the potential for losing the protective barrier. These changes proved successful in
allowing the test to proceed. More than 40 data points were acquired, covering multiple staging
configurationsat four differentinlet conditions: groundidle (Gl), sealevel takeoff (SLTO), subsonic
cruise, and comparison point 1 (950°F, 120 psia; apoint at which datawere availablefrom other tests
for comparison purposes). Regrettably, the sector was not run at supersonic cruise conditions.

Emissions were acquired using four 5-element gas-sampling rakes with the capability of sampling
individually, ganged by rake, ganged by row, or asatotal ganged sample. Not all combinationswere
measured at each point because of the significant amount of timerequired to do so. The dataganged
by rake and by row were useful in understanding emissions and temperature profiles at the aft end
of the combustor, while the ganged totals provided overall emissions information.

The results are summarized in Table 20 and Figures 127 through 129. Overall the emissions were
good. GI combustion efficiency waslow but seemed to be driven by higher than expected hydrocar-
bons (about 20 EI). The subsonic cruise operating point seemed to fall right between the three- and
four-stage datatested. Four-stage operation required fuel/air ratiosthat weretoo low, but three stages
was starting to get a bit too hot.

Table 20. LPP Highly Mixed MRA Sector Emissions Summary

Test Conditions Stages T3 P3 AP/P Emissions Index (g/kg Fuel) Combustion
Simulated Fired (°F) (psia) (%) NOX o He Efficiency (%)

Ground Idle lof5 325 48 6.2 35 22 20 97.50
Subsonic Cruise 30of5 610 91 5.8 6 15 0.08 99.95

4 0of 5 610 91 5.8 3.3 25 25 97.00
Sea Level Takeoff (SLTO) 50f5 872 239 5.6 2.7 20 2.8 99.20
Overflow SLTO 50f5 872 239 5.6 4.8 21 0.27 99.92

Emissions index and combustion efficiency values are estimated

Although three-stage subsonic cruise EINOx appeared to be about 6, thelast datapoint isin question;
it is quite possible that three-stage EINOx would actually be closer to 4. Exit temperature profiles
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where quiteflat when fully fired (with all stages at the samefuel/air ratio) but became outer-peaked
asinner tubes were shut off. Surprisingly, as more stages were turned off (starting at the bottom and
moving upward), the profiles actually became less outer-peaked. The best explanation is that the
pilot was penetrating to a point where it dominated the middle and upper portion of the exit plane.
Thus, shutting off theinnermost (bottom) stage shifted the profile outward, but turning off additional
stagessimply flattened the overall profile. Intermsof stability, Gl lean blowout wassimilar tolevels
observed in current engines, which typically have overall lean blowout fuel/air ratios on the order
of 0.006 (Table 21). As expected, the lean blowout point decreased (that is, stability improved) as
the combustor pressure drop was reduced. As afinal note, the use of impingement cooling and the
addition of theTBC onthelinersand sidewall swerequite successful in protecting the hardwarefrom
overheating. No hardware damage was observed after completion of the test.

Table 21. LPP Highly Mixed MRA Sector Lean-Blowout Summary

Test Conditions T3 P3 AP/P FARpilot FARgome
Simulated (°F) (psia) (%) at LBO atLBO
324 47.0 6.25 0.0313 0.00700

Ground Idle 326 46.5 6.38 0.0314 0.00703
327 47.2 3.90 0.0296 0.00663

324 46.8 3.97 0.0291 0.00651

322 48.1 2.17 0.0278 0.00622

320 46.7 1.86 0.0280 0.00626

219 42.9 6.21 0.0316 0.00706

-—= 218 42.6 6.18 0.0311 0.00696
108 39.7 6.13 0.0322 0.00721

111 39.8 6.26 0.0322 0.00720

119 39.1 4.06 0.0284 0.00636

121 38.8 4.04 0.0289 0.00647

124 39.3 2.01 0.0267 0.00597

124 38.2 2.08 0.0266 0.00595

4.5.2.2 Rectangular Stepped-Dome Sector

A rectangular, three-cup, stepped-dome sector identical to the one used for the LDI sector tests at
NASA described above was tested next (Figure 130). The center dome was recessed 1.85 inches
from the inner and outer domes to isolate the pilots. The cyclone pilots contained swirlers with
2.05-in inner diameters and sixty 70° vanes (1.0 swirl number). Each pilot contained six fuel-injec-
tion ports on the centerbody. They were of the same design asthose used in previous stepped-dome
sectors and the HMMRA sector. The 12 LDI injectors in each of the inner and outer domes were
replaced with fourteen 0.56-in inner diameter IMFH tubes 5.5-in long. The IMFH premixers were
fueled using 0.040-in OD by 0.022-in ID hypo tube injectors located 1 inch from the IMFH tube
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Figure 130. LPP Rectangular Stepped-Dome Sector

inlet. Note that by replacing the LDI injectors with IMFH tubes the total effective areas increased
to 2.16 in? on each of the inner and outer domes (the pilot dome remained 1.61 in?). Thus, the flow
splits changed to 36.4, 27.1, and 36.4% for each of the outer, center, and inner domes.

Thetestswererun at NASA—Glennin May 1996. The rig and gas-sampling system were identical
to those used in the three-cup L DI tests at NASA. Two tests were actually run: one with the center
dome recessed the other with it nearly flush with the inner and outer domes. Some of theresultsare
shown in Figures 131 and 132. Pressures were 120 to 130 psia, and pressure drops were 4 to 5%.
Dome recession had someimpact on NOX, but no consistent trend was observed. At 950°F, theflush
dome was quite a bit lower than the recessed dome. Dome recession had aimost no impact on
combustion efficiency at 950° or 1050°F; efficiencies were well above 99.9% at both of these
conditions (because al three domes were fired, high efficiencies were expected).

4.5.2.3 IMFH FOD Blockage Test

A test was run at the Southwest Research Institute (Cliff Moses, Principle Investigator) from June
19 through July 16, 1996, to address concerns about the potential of foreign-object damage (FOD)
to the IMFH tubes of an L PP combustor. This blockage test was set-up to monitor autoignition and
flashback using thermocouples placed on the outside of the IMFH tubes, one near the entrance and
the other about one inch upstream of the dome face on each tube. The hardware consisted of abank
of eight IMFH tubes (5.5 inchesin length, 0.56-in 1D, fueled by hypo tubes) cut from the dome of
aprevious stepped-dome sector test (Figure 133). A baseline test was run to measure temperatures
throughout the system prior to running the test with blockage. The blockage test itself used short
lengths (approximately 0.05 in) of 0.032-in diameter Hastalloy welding rod attached to the inlets
of six of the eight IMFH tubes. On two of the tubes, the nodules were placed approximately one
diameter apart; ontwo othersthey were placed two diametersapart; onthefinal two they were placed
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Figure 133. LPP IMFH FOD Blockage Sector

three diameters apart. The two with no blockage were considered to be the reference tubes. The
blockages used were considered more severe than what would actually occur in an engine.

Conditions as high as 1200°F, 250 psiawere tested — more severe than would ever be observed in
an HSCT engine (see Table 22 and Figure 134). This provided margin over actual operating condi-
tions. Thermocouple datashowed no signsof autoignition or flashback inthe | MFH tubes. Addition-
ally, posttest inspections showed no signs of hardware damage, other than minor local loss of TBC
in the hot section. Thus, the inherent resistance of the IMFH tubes to autoignition and flashback in
asituationinwhich simulated FOD has occurred was successfully demonstrated. Thiswasasignifi-
cant demonstration of the feasibility of the IMFH design. Along with emissions results from other
sectors, the success of the blockage test was a key factor in the eventual decision to continue LPP
development instead of other LDI concepts.

Table 22. LPP IMFH Blockage Test Conditions

Design Blockage Test
Parameter SLTo Supersonic Cruise (Most Severe Case)
Temperature (T3), °F 870 1200 1200
Temperature (T3), K 739 922 922
10,000/Temperature (1/K) 13.53 10.84 10.84
Pressure (P3), psia 266 137 250
Pressure (P3), atm 18.1 9.3 17
Mixer Residence Time (Tyes), Ms 0.9 0.8 1.0
Tres X P3, ms x atm 17 7.6 17.4
Autoignition Time x Pressure Estimate (T,yo X P3), ms x atm 94 20 20
Residence-Time Margin 82% 63% 14%
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4.5.2.4 Stepped-Dome Segmented Liner Sector

The next sector tested was arectangular (2D), stepped-dome, five-cup sector with segmented inner
and outer liners (Figure 135). Thistesting took place at GEAE on December 12 and 13, 1996. This
activity was primarily set up to be a heat transfer test to study the viability of segmented liners,
although the impact on emissions was also of interest. The inner and outer domes each contained
twenty-four Y2-in diameter IMFH tubes (2 rows of 12 each) fueled by small hypo tubes. Themiddie
dome was recessed relative to the inner and outer domes and contained five cyclone swirler pilots.
Theintent of the recession wasto isolate the cyclone pilot stage from the IMFH tube banksin order
to minimize interactions when the IMFH tubes were unfired. Thiswas a concern, because interac-
tions between hot combustion gases and cold unfired air have the potential to increase CO. Three
fueling stages were available.

Thiswasafollow-on test to the three-cup, stepped-dome sector described above and other stepped-
dome designs tested under Contract NAS3-26617 (Large Engine Technology, Task 10) in which
back-side-impingement-cooled liners were used. Back-side impingement has the advantage of not
introducing air into the combustor, but it tendsto require afairly significant amount of air to keep
the liners from overheating. |mplementation of segmented liners was meant to reduce the amount
of air needed for cooling theliners. The segmented linersallow someof theair to enter the combustor
cavity. Thiscooling air creates athin protective film over the liner surfaces and helps protect them
from theintense heat. However, this hasthe potential to increase emissions beyond desirablelevels
because the “cold” film air can interact with the hot combustion gases. The concern is highest with
regards to CO. Thus, the objectives of the test were: (1) to determine if the segmented liners could
be kept sufficiently cool, even though the amount of air had been significantly reduced relative to
the backsideimpingement cooling design, and (2) to measuretheimpact of the design on emissions.
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More than 35 data points were acquired over arange of operating conditions (T3, P3, AP, and FAR)
and staging modes (number of domes fired). Operating conditionsincluded SLTO, 65% LTO, start
of descent, subsonic cruise, supersonic cruise, the comparison point, and several heat transfer points.
Thiswasthefirst sector test in which actual nominal supersonic cruise conditionsweretested. Most
of the data were acquired at higher power conditions, since thisis where the cooling effectiveness
Is most important and most difficult to achieve (due to the already-high cooling air temperatures).
Also, at low power the inner and outer dome IMFH tubes are unfired. Since they would shield the
pilot stage from the liners anyway, it is unlikely that any emissions impact would be observed or
could be directly attributable to liner film cooling.

Emissions data were acquired using four 5-element gas-sampling rakes with the capability of
sampling individually, ganged by rake, ganged by row, or asatotal ganged sample. Not al combina-
tions were measured at each point because of the significant amount of time required to do so. The
data ganged by rake and by row were useful in understanding emissions and temperature profiles
at the aft end of the combustor, while the ganged totals provided overall emissions information.

Thekey resultsare presented in Figures 136 through 143. These test resultswere very encouraging.
The most important was the demonstration of NOx EI right at 5 at true nominal supersonic cruise
conditions, albeit with no margin. Low NOx had been extrapol ated to these conditionsfrom previous
L PP stepped-dome designs, but this was the first test of a sector at true supersonic cruise inlet
conditions. CO and unburned hydrocarbon (HC or UHC) levelswere also very low (lessthan 1 El
CO and 0.1 El UHC), leading to combustion efficiencies greater than 99.9% at supersonic cruise.
Although not the main objective of thetest, thiswasasignificant event in the program progression.

As expected, exit profiles were strongly outer-peaked with two stages fired and very flat with all
three fired (Figure 139).

NASA/CR—2005-213584/VOL2 115



O SLTO, 2-Dome, T3 = 1330°R, P3 = 261 psia, AP/P=4.0%
B SLTO, 3-Dome, T3 = 1330°R, P3 = 261 psia, AP/P=4.0%
100 [ a 65% LTO, 2-Dome, T3 =1152°R, P3 = 207 psia, AP/P = 4.5%
] o Start of Descent, 2-Dome, T3 = 1500°R, P3 = 90 psia, AP/P = 5.0%
: o Start of Descent, 3-Dome, T3 = 1500°R, P3 = 90 psia, AP/P = 4.8%
| | X Subsonic Cruise, 3-Dome, T3 = 1068°R, P3 = 95 psia, AP/P = 3.8%
|| * Supersonic Cruise, 3-Dome, T3 = 1665°R, P3 = 150 psia, AP/P = 4.2%
- Supersonic Cruise, 3-Dome, Rdg 90, T3 = 1665°R, P3 = 150 psia, AP/P = 4.2%
%\ H @ Comparison Points, 3-Dome, T3 = 1402°R, P3 = 119 psia, AP/P = 4.0%
2 + Heat Transfer Points, 3-Dome, T3 =1410°R, P3 =90, 120, 150 psia, AP/P = 3,4,5,6%
g )
(=]
= 10 X a
w [u]
3 »
A
=2 b4
[u] el X )/ +
A IJ! b
L J
< / = +
[} Fle X
+
A o
> X
++ [+
Subsonic Start of OvFI g s
X Cruise 65% LTO Descent SLTO :\lom Su;‘)ersomc Crw‘se
2300 2500 2700 2900 3100 3300 3500 3700 3900
T4, Ganged Sample FAR, Converted to 5% Cooling Flow (°R)
Figure 136. LPP Stepped-Dome Segmented Liner Sector NOx Emissions
See key in Figure 136 above.
100
10 ]
— L 2
g
>
2 +
2 Im+
= A A
2 1
c
i)
4(7) 'y
=] [=]
Qo
£ X
S ° °
0.1 4 ]
' — : 3 +
o & & =
‘ A
Subsonic Start of OVFI . .
Cruise 65% LTO Descent sLTo  Nom Supersonic Cruise
0.0. . - -
2300 2500 2700 2900 3100 3300 3500 3700 3900

T4, Ganged Sample FAR, Converted to 5% Cooling Flow (°R)

Figure 137. LPP Stepped-Dome Segmented Liner Sector Combustion Inefficiency

NASA/CR—2005-213584/VOL2 116



See key in Figure 136.
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Thesegmented liner test dataare compared to other sectorsat the comparison point (950°F, 120 psia)
in Figures 140 through 143. The stepped-dome Lamilloy liner and stepped-domeimpingement liner
data were acquired under Contract NAS3-26617 (Large Engine Technology, Task 10). Like the
segmented liner, the Lamilloy liner allowed some cooling air to enter the combustion chamber. NOx
was excellent for both the segmented and Lamilloy liner tests; however, CO, hydrocarbons, and
combustion efficiency were not as good as designs without film cooling. In fact, the segmented and
Lamilloy liner test data track each other very closely at these conditions.

CO and hydrocarbonswere somewhat high at partially staged conditions, but the impact of the outer
linerswasinconclusive. In an engine, the combustor would most likely have been operated with five
(or more) fueling stages. Thus, at partial power, the outermost and innermost |IMFH tubes probably
would have been unfired. Because only three stages were available, acomplete bank of IMFH tubes
had to be fired to simul ate the af orementioned staging, resulting in fired tubes near the liner. Thus,
the part-power, partially staged data must be discounted.

Thethermal performance of the liners was excellent. Maximum temperatures observed were about
200°F below the design limits, suggesting the back-side impingement and small amount of film
cooling were quite effective in protecting the hardware. These results suggest that the liners could
either be operated at significantly higher flame temperatures than had originally been considered or
liner cooling flows could be reduced even further from the levels tested here.

Overal, thiswasan extremely successful test, with over 35 datapointstaken. Heat transfer datawere
obtained, the cooling effectiveness of the design was excellent, and supersonic cruise emissions met
contract requirements. The observance of NOx El right at 5 at true nominal supersonic cruise was
a significant step forward for the program. Further development would work to add margin to
supersonic cruise NOx.

4.5.2.5 Transient Stepped-Dome Sector

Thetransient sector was arectangular (2D) stepped-dome, five-cup sector with back-side impinge-
ment cooled inner and outer liners (see Figure 144). The inner and outer domes each contained 24
IMFH tubesfueled by hypo tubeinjection. The pilot dome was recessed and contained five cyclone
pilots. The combustor overall wasthe same design as the stepped-dome segmented liner configura-
tion discussed previously (all but the liners). The purpose of the test was to address potential
autoignition and flashback concernsof the L PP system and address operability during “normal” and
“abnormal” transients. Normal transients simulated aggressive engine accelerations and decelera-
tions in which the combustor passed through different fueling stages. Abnormal transients were
intended to represent the most severe dynamics that might occur during a compressor stall or an
engine inlet unstart.

The sector was tested at the transient combustor test facility at the United Technologies Research
CenterinMay and June 1997. Approximately 30 transientswererun, asshownin Table 23. Combus-
tor pressures and temperatures were monitored along with fuel and air flow rates.

A typical set of datais presented in Figures 145 through 147. These data were taken from the
dynamic autoignition test in which air flow rate oscillations at 1 Hz were introduced into the
combustor, causing periodic reverseflow through the dome. Thisassuredly sent flame back through
the IMFH premixers and upstream of the dome. Average inlet conditions were set to simulate
supersonic cruise (1200°F, although the pressure was slightly low at about 120 psia). Thiswas one
of the most severe tests the combustor was put through.
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Table 23. LPP Transient Sector Test Point Summary
AFTRAC Ctrl. Settings
Run | Test| Profile Type | Fuel |Durationf WAC| T3 |WFC1 |WFC34 |WFC5 Remarks Date
Plan| Name Cfg. | (sec.) [(lb/s)| (F) | (:=0) | (t=0) | (t=0) or
(pph) | (pph) | (pph) (Time)
1512 | 4 LPP4 Decel A 4 13.88] 830 { 443 270 270 |Transient; autoignition
1707 | 4 LPP4 Decel A 4 13.88] 810 | 443 270 270 ({Transient; autoignition
2407 3 LPP3FS | Accel B 4 6.55 | 487 | 216 0 0 |Transient
2408 | 1 |LPP1FSB{ Accel B 4 6.55 | 487 | 216 0 0 |Init sys 3 one sec early. Init 35
pph flow 2 sec prior.
2409 1 JLPP1FSB{ Accel A 4 6.55 | 487 | 216 0 0 |Transient
2410 | 1 |LPP1FSB} Accel A 4 6.55 | 487 | 216 0 0 |Repeat run
2411 3 | LPP3FS | Accel A 4 5.97 [ 456 | 180 0 0 |[Transient
2412 | 1 ]JLPP18FS| Accel A 8 597 [ 456 | 180 0 0 [|Transient
2601,2 - - - - - - - - - Calibrations, zeros 5/5/97
2603 1 LPP1FS | Accel A 4 5.97 | 456 | 180 0 0 |Transient "
2604 | 3 | LPP3FS | Accel A 4 6.55 | 487 | 216 0 0 |Transient !
2605 | 1 |JLPP18FS| Accel A 8 5.97 | 456 | 180 0 0 |Transient "
2606 | 1 |JLPP18FS| Accel B 8 5.97 | 456 | 180 35 35 |Transient "
2607 3 LPP3FS | Accel B 4 6.55 | 487 | 216 35 35 [Transient "
2608 | 1 LPP1FS | Accel B 4 5.97 1456 | 180 35 35 |Transient "
2801 Manual 0 0 0 [Heater checkout to T3 = 1200
F with 13-hole baffle
2901,2 - - - - - - - - - |Calibrations, zeros 5/27/97
2903 - |LPPLBO1| LBO C 15 6.63 | 496 | 120 to 0 0 [Transient fuel flow; no burning "
60
2901 18-hole baffle placed "
upstream
2904 - Manual LBO C - 6.63 [ 496 | 180 0 0 |wf=161 pph (JETDAS data) "
2905 - Manual LBO C - 6.63 (496 | 170 0 0 |wf=151 pph (JETDAS data) “
2901 Manual LBO C - 6.63 | 496 | 168 0 0 |Lean Blow Out occurrence “
3001,2 - - - - - - - - - |Calibrations, zeros 5/30/97
3003 | 2 | LPP2FS | Accel C 4 6.73 {1039| 207 170 35 |Fuel sys 1, 2 interchanged in “
error
3004 | 2 | LPP2FS | Decel C 8.69 |1200| 261 214 261 |Fuel sys 1, 2 interchanged in “
error
3101,2 - - - - - - - - - Calibrations, zeros 6/2/97
3103 | 2 ]| LPP2FS | Accel C 4 6.73 [1039] 170 207 35 “
3104 | 2 LPP2 Decel C 4 8.69 [1200} 214 261 261 “
3105 - LPP100O | Osc. C 2 8.63 (1200} 207 253 253 |10 Hz “
3106 - LPP10 Osc. C 5 8.63 |1200( 207 253 253 {1 Hz *
3201,2 - - - - - - - - - |Calibrations, zeros 6/5/97
3203 | 2 | LPP2FS | Accel C 4 6.73 {1039| 170 207 35 ¢
3204 | 2 LPP2 Decel C 4 8.69 11200| 214 261 261 [Curtailed data acquisition “
3205 | 2 LPP2 Decel C 4 8.69 [1200] 214 261 261 |Repeat of Point 4 “
3206 | - LPP100O | Osc. C 2 8.63 [1200] 207 253 253 |10 Hz N
3207 - LPP10O Osc. C 5 8.63 [1200| 207 253 253 |1 Hz “
3301,2 - - - - - - - - - Calibrations, zeros 6/11/97
3303 - |LPP10SB |Baseline| C 2 5.97 | 456 | 180.5 0 0 |10Hz (0-
0:42)
3304 - LPP1SB |Baseline| C 2 5.97 | 456 | 180.5 0 0 {1Hz (0:42-
1:30)
3305 - LPPSTP - C 2 10 [R.T. 0 0 0 |Single cycle check at room T -
3306 - |LPP10SU| Unstart | C 2 9.17 [1000| 220 269 269 |10 Hz (1:30-
2:11)
3307 - LPP1SU | Unstait | C 2 9.17 [1000| 220 269 269 |1 Hz (2:11-
2:51)
3308 | - LPP1SB |Baseline{ C 2 5.97 | 456 | 180.5 0 0 [Steady-state -
3309 - LPP1SB |Baseline| C 2 5.97 | 456 | 180.5 0 0 |1Hz (2:51-
3:28)
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Figure 146. LPP Transient Stepped-Dome Sector Run 3207 Combustor Pressure Drop
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Figure 147. LPP Transient Stepped-Dome Sector Run 3207 Combustor Temperatures
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Results of al the tests suggest that the design was quite resilient, showing strong resistance to
autoignition, flashback, and flameholding. Reverse flow through the combustor dome certainly
occurred during several of the transients, forcing flame upstream of the dome, but the fire appears
to have quickly cleared with no resultant damage to the cyclone pilots or IMFH tubes. The only
noticeabl e hardware damage was some sidewall and liner warpage and the associated loss of TBC
that occurred because of the warpage. The TBC loss eventually led to small burn-throughs on the
sidewalls, but without the TBC the life of the metal part obviously declines rapidly.

The combustor demonstrated excellent operability characteristics during the fast transients. The
IMFH and cyclone premixers also both showed inherent robustness to the extremely severe abnor-
mal transients. It was concluded that the L PP combustor suffers from no inherent disadvantagesin
operability or safety relativeto aconventional diffusion flame combustor. Thiswasasignificant step
forward in the substantiation of the LPP design. This information, along with emissions results,
would lead to the selection of the LPP configuration over LDI concepts.

4.5.2.6 Moderately Mixed MRA Sector

The moderately mixed MRA (MMMRA) sector was set-up to simulate an engine-like flowpath as
best as possiblewithout having to go to afull-annular rig (which wasto betested | ater, after thebasic
technology had been developed and demonstrated). The rectangular cross section (2D) used in all
previous sectors was replaced by one that was curved to simulate an engine-like (3D) flowpath (see
Figures 148 and 149). A diffuser was located upstream of the combustor dome to provide more
realistic entrance velocity profilesthan thosein the HMMRA sector, which wassimply plenum-fed.
The cross section was also extended tangentially to include five cups (63°) instead of four, as had
been used in the HMMRA sector.

In principle, the combustor itself anounted to a simplified version of the HMMRA concept. In an
attempt to improve the producibility of the combustor, the main dome was madeto be vertical, with
all of thel M FH tubesperpendicular to thedomeface (making them parall el to theengine centerline).
The pilot dome remained perpendicul ar to the main dome, with the cyclone pilots pointing radially
inward. Half-inch diameter IMFH tubes were again used, but instead of using hypo tubes for fuel
injection, separatefuel injectorsusing therecently developed “ stinger” design (essentially Configu-
ration 31 in the subcomponent devel opment section of thisreport) were implemented (Figure 150).
A new pilot was also added based on further advancements in the cyclone pilot devel opment work
(essentially Configuration 16 in the subcomponent devel opment section of this report). The sector
contained 5 cyclone pilots along with 60 IMFH tubes (5 banks of 12 tubes each). This design was
referred to asthe “moderately mixed” MRA because fewer interactions were expected between the
variousfueling stagesthanthe* highly mixed” design. Asit turned out, thisdesign worked extremely
well and would eventually become the configuration of choice for full-scale development.

Three builds of this configuration were tested. The first focused on emissions, lean blowout, exit
profiles, and heat transfer. Fuel staging similar to that used in the HMMRA sector (five stages) was
used. Thistended to be more of aradial staging method, beginning with the pilot and moving radially
inward asmore stagesarefired (Figure 149). Builds 2 and 3 looked at implementing circumferential
staging (Figure 151), with significant interest in emissions and exit profiles. L ean blowout and heat
transfer information was also obtained in these builds but was of 1essimportance.

In all three builds, gas sampleswere collected using six 5-element rakes |ocated one inch upstream
of the combustor exit plane. Emissions could be sampled individually, ganged by rake, ganged by

NASA/CR—2005-213584/VOL2 124



Fuel Stem
Pilot Assembly

Combustor
Dome
Segments

Ve
o

Diffuser

Forward
Passage
Inlet o

o
(<3 N-]

Flowpath Inner
and Outer

S | / | Liners

*

re000

T

A AAN SN

Cowl Rig Casing

Figure 148. LPP Moderately Mixed MRA Curved Sector

¢ 5 Stages (5 Pilots, 60 IMFH Tubes)
¢ Radial Staging

Filled circles indicate IMFH
tubes that can be fired.

Letters/numbers indicate
staging designation.
Aft Looking Forward View

Figure 149. LPP Moderately Mixed MRA Curved Sector Build 1 Fuel Staging
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Figure 150. LPP MRA Curved Sector Build
2 Combustor Circumferential
Exit Profiles
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Figure 151. LPP Moderately Mixed MRA Curved Sector Build 2 Fuel Staging
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row, or as atotal ganged sample. Not all combinations were measured at each point because of the
significant amount of time required to do so. The data ganged by rake and by row were useful in
understanding emissions and temperature profiles at the aft end of the combustor, while the ganged
totals provided overall emissions information.

This sector became aworkhorse in devel opment of the L PP sector concept. Nearly 550 data points
wereacquired during approximately 275 hoursof fired testing of thethree sector builds. Considering
the hardware was designed for less than 100 hours of testing, it proved to be quite resilient.

Build 1

Build 1 of theMRA curved sector wasthefirst look at the performance of thenew design. Thetesting
was performed at GEAE from February 21 through March 17, 1997. Five fueling stages were
available, aswas shown in Figure 149. The test was extremely comprehensive, assessing multiple
staging configurations at each of 11 different inlet conditions, as shown in Table 24. This resulted
in 111 emissions points being taken over the course of about 65 hours of fired testing. In addition,
lightoff and lean blowout data were acquired at four different conditions.

Some of the key results are presented in Figures 152 through 159. Although a significant amount
of information waslearned from thistest, the most important item was the demonstration of nominal
supersonic cruise NOx and combustion efficiency that easily met the contract requirements. Nomi-
nal supersonic cruise NOx El was only 3.8 (the requirement was 5), and the combustion efficiency
was 99.98% (versus a contract requirement of 99.9%)! This was one of the most important and
exciting events in the progress of the program since it was the first time that supersonic cruise
regquirements were met with significant margin.

In addition to the supersonic cruise data, emissions were acquired at every other key operating
condition in the flight envelope. Emissions at each of these cycle points have been estimated and
areshownin Table 25. Aswas observed in the HMMRA sector, the subsonic cruise point tended to
fall right at a staging point. This resulted in high NOx with only three stages fired (because of the
high flame temperature required to meet T,4) but was near blowout when afourth stage was brought
on line. Ground idle datawere quite good overal, with NOx El below 4 and combustion efficiency
above 99%. CO El was abit high at 20 but was not out of line relative to current engines. Note that
all of the estimatesin the table are based on the limitations of a system with fivefuel stagesand the
associated minimum step changes in fueling requirements. Aswill be shown in Build 3 — which
used eight stages — other emissions levels can be achieved, many of which improve upon those
shown here. The only limitations are obvioudly at low power (ground idle), which would typically
be pilot-only operation, and at high power, in which all stages are fired.

Lightoff and lean blowout data for the sector are presented in Table 26. Note that each of these was
asingletest point; multipletestsundoubtedly woul d introducevariability around the numbersshown
here. The resultswere encouraging, with both Gl lightoff and windmill relights demonstrated using
acommercia ignitor.

Combustor exit profilesareshownin Figure 159. All were strongly outer-peaked until thefifth stage
wasl lit, at which time the profile became essentially flat. The profiles were of some concern, since
the preference is to have nearly center-peaked profiles entering the turbine; outer-peaked profiles
tend to reduce turbine efficiency. These concernswould be addressed in Builds 2 and 3 by introduc-
ing circumferential fuel staging into the combustor.
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Figure 155. LPP MRA Curved Sector Build 1 Non-LTO Combustion Inefficiency
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Table 24.

LPP Moderately Mixed MRA Sector Build 1 — Summary of Conditions Tested

Test Conditions T3 T3 P3 AP/P Stages Tflame
Simulated (°F) (°R) (psia) (%) Fired (°R)
Ground Idle 280 740 46 4.8 1of5 3563-3869
15% LTO 443 903 81 4.2-4.6 20of5 3498-3917
30f5 3181-3623
34% LTO 585 1045 135 4.1-4.3 20of5 3593-4001
3of5 3370-3692
65% LTO 737 1197 216 4.5 3of5 3148-3651
4 0of 5 3088-3452
50f5 3141-3865
Overflow SLTO 920 1380 300 3.8-4.25 3of5 3605-4243
4 (Prof) 3777-4463
50f5 3095-3845
Derated Overflow SLTO 912 1372 204 4.2 4 0of 5 2908-3149
50f5 3220-3821
Start of Descent 1035 1495 91 4.7-5.2 4 0of 5 2802-3197
Subsonic Cruise 625 1085 80 4.3 30f5 3204-3673
4 0of 5 3633-4357
Nominal Supersonic Cruise 1200 1660 153 4.25 4 (PIt Off) 3853-3822
5 (Rdc Plt) 3492-3557
5 (Prof) 3349-3680
50f5 3101-3669
Start of Supersonic Cruise 1200 1660 200 4.25 50f5 3363-3626
End of Supersonic Cruise 1200 1660 112 43 50f5 3049-3785
Comparison Point 945 1405 120 4.0-4.4 50f5 3080-3833
Ground Start 56 516 16 2.0-6.0 1of5 N/A
Ground Idle Lightoff/LBO 292 752 45 1.3-4.6 1of5 N/A
LBO/Relights at Windmill 587 1047 30 4.0 1of5 N/A
Table 25. LPP Moderately Mixed MRA Sector Build 1 — Emissions Summary
Cycle Stages T3 T3 P3 Ty Emissions Index (g/kg Fuel) Combustion | Combustion
Point Fired (°F) (°R) (psia) (°R) Inefficiency Efficiency
NOx Cco HC (%) (%) Notes
Ground Idle 1of5 283 743 45 1546 3.9 20 13 0.6 99.4 Interpolated values
15% LTO 20f5 432 892 82.4 1832 6.35 124 19 0.48 99.52 Interpolated values
30of5 5 18 10.5 1.6 98.4 Extrapolated values
34% LTO 20f5 568 1028 134 2216 16 16 0.06 0.28 99.72 Interpolated values
30of5 11 8 0.35 0.22 99.78 Extrapolated values
65% LTO 30f5 714 1174 212 2662 [200] [1.5] [0.02] [0.01] [99.99] Need 4 stages
40f5 18 2.2 0.05 0.057 99.943 Extrapolated values
50f5 [0.2] [500] [100] [90] [10] Blowout anticipated
Overflow SLTO 4 0of 5 919 1379 301.3 3294 30.2 18 0.05 0.047 99.953 Extrapolated values
50f5 3.7 0.31 0.04 0.011 99.989 Interpolated values
Start of Descent 40f5 1039 1499 90 3012 [100] [0.1] [0.01] [0.01] [99.99] Need 5 stages
Subsonic Cruise 30of5 630 1090 80 2382 14 18 0.075 0.4 99.6 Extrapolated values
(SSC) 4 of 5 [1] [24] [100] [10] [90] Interpolated values
Nominal SSC 50f5 1200 1660 150 3375 3.8 0.83 0.045 0.023 99.977 Interpolated values
Start of SSC 50f5 1200 1660 200 3460 5.9 0.6 0.05 0.019 99.981 Interpolated values
End of SSC 50f5 1200 1660 110 3460 5.2 2 0.024 0.05 99.95 Interpolated values
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Table 26. LPP Moderately Mixed MRA Sector Build 1 — Lean Blowout and Lightoff Summary, One

Stage Fired
Cycle Point T3 T3 P3 AP/P Lightoff LBO
(°F) (°R) (psia) (%) FARpilot FARpilot
Ground Start 56 516 16 1.9 0.0585 -
56 516 16 3 0.0600 -
56 516 16 3.9 0.0545 -
56 516 16 5.4 No Light -
Ground Idle Lightoff 292 752 43 1.3 No Light -
292 752 45 2.1 0.037 -
292 752 46 25 0.039 -
Ground Idle Lean 293 753 45 25 - 0.025
Blowout 203 753 45 4.6 _ 0.030
Windmill Relight 587 1047 30 3.9 0.055 -
587 1047 30 4 0.044 -
Windmill LBO 587 1047 30 4 - 0.037
Build 2

Build 2 of the MRA curved sector wastested at GEAE September 5— 10, 1997. Over the course of
more than 50 hours of fired testing, 116 emissions points were taken covering seven different inlet
conditions, asshown in Table 19 (page 105). The purpose of the test wasto |ook at the possibility of
using circumferential fuel staging in the combustor. Build 1 data indicated the combustor exit
profiles were strongly outer-peaked at low power (when partially staged). Circumferential staging
offers the potential to reduce this effect by firing every other IMFH tube bank at low power (see
Figure 160). As power increases, more tubesin agiven bank are fired (essentially moving radially
inward, asin Build 1) before moving to the adjacent bank. While this would help flatten the exit
profile radially, it obviously brings up concerns about the resulting circumferential profiles. Also
of concern was the impact on emissions, since more hot/cold interfaces exist with circumferential
staging. Thishasthe potential toincrease CO at low power. Sinceall IMFH tubeswould still befired
at high power, emissions would not change at these conditions. Therefore, they were not retested.

The results of the test are presented in Figures 161 through 165. Circumferential staging was very
effectivein flattening the radial exit temperature profiles, but it clearly introduced more circumfer-
ential variation. Emissions did not appear to be strongly impacted by the new staging modes, but it
isdifficult to compare these datadirectly to Build 1 because there are only afew casesin which the
same number of IMFH tubesarefired for agiven operating condition. Additionally, the odd number
of IMFH tube banks (five) may biastheresultssinceit includesahalf cycle. Thisresultsinonly two
of fivebanksbeing fired, instead of two of every four. However, thefact that circumferential staging
was so effective makes it a powerful tool for flattening the part-power radial profiles.

This test was inhibited by the staging limitations of the original sector (five stages). This made it
difficult to operate the system at an optimized staging configuration for a given power setting.
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Figure 160. LPP MRA Curved Sector Build 2 Combustor Fuel Staging
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Additionally, it was desired that a second type of circumferential staging be tested. The first type
(tested herein Build 2) wascalled “n = 15" circumferential staging because 15 (of 30) of theIMFH
tube banksarefired prior to firing tubesin the adjacent banks. Thus, the turbine sees 15 temperature
cycles per revolution. The second type (to betested in Build 3) was called “n = 30" circumferential
staging. In this case, the left column of tubesin each bank of IMFH tubes (aft looking forward) is
fired prior to moving to the adjacent column. Thus, the turbine sees 30 temperature cycles per
revolution. Thistends to produce a smoother exit profile (circumferentialy) than the n = 15 mode,
but it introduces more cold/hot interfaces. Thishasthe potential toincrease CO. Build 3 of the sector
increased the number of available stages to eight and greatly increased the flexibility of the system
by making each stage in agiven IMFH tube bank independent from the adjacent bank.

Build 3

Build 3 of theMRA curved sector wastested at GEA E from January 22 through April 23, 1998. Over
the course of about 150 hours of fired testing, 319 emissions points were taken covering seven
different inlet conditions, aswas shownin Table 19 (page 105). Build 3 comprised several subtests,
Table 27. The purpose of this series of testswasto ook at avariety of potential fuel-staging options
and discover which provide the best balance of emissions and exit profilesfor usein an engine. As
stated above, the number of fuel stages was increased to eight for this test. In addition, flexibility
was added so that any stage in any tube bank could befired at any time. Thisallowed for the testing
of bothn=15and n=30 circumferential staging modes, asshowninFigures166 and 167. Thisrefers
to the number of temperature cycles per revolution that the turbine would see as a result of the
circumferential staging. Note that each of the stages was independent of the others, and could be
fired in any pattern (for example, stages B and F could be fired together, if desired).

Table 27. LPP Moderately Mixed MRA Sector Build 3 — Summary of Conditions Tested

Build
Cycle Point (°T|§) (IS) (pF;i3a) (Ié) 3A1 3A2 3A3 3A4 3A5 3A6
(n=15) (n =30) (n=15) (n =30) (No Film Cooling) (Film Cooling)
Ground Idle 295 755 45 1560 X X X X X
15% LTO 446 906 82 1868 X X X X X X
34% LTO 588 1048 134 2270 X X X X X X
65% LTO 740 1200 212 2737 X X X
100% LTO 919 1379 301 3294
Nominal Subsonic Cruise 630 1090 80 2382 X X X X X X
Nominal Supersonic Cruise 1200 1660 150 3375 X X

Someof thekey resultsarepresented in Figures 168 through 173. Then =15 and n =30 circumferen-
tial modes were both successful in improving radial exit profiles. Circumferentially staged emis-
sions show dlightly higher CO and lower combustion efficiency than the radia staging but also
appear to offer abit lower NOx. Ingeneral, the“block” typeof radial stagingusedinBuild 1 provides
lower part-power emissionsthan circumferential staging, but it produceslessdesirableexit tempera-
tureprofiles. Circumferential staging appearsto offer areasonabl e balance between exit profilesand
emissions.

The MMMRA sector proved extremely successful. It was tested over the entire range of cycle
conditionsin the flight envel ope with excellent emissions results. Ground idle and subsonic cruise
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Figure 166. LPP MRA Curved Sector Build 3A1 Combustor Fuel Staging
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Figure 167. LPP MRA Curved Sector Build 3A2 Combustor Fuel Staging
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emissions were quite good, athough GI CO emissions were a little higher than desired. Most
importantly, the design demonstrated significant margin in meeting supersonic cruise NOXx require-
ments. Finally, the introduction of circumferential staging appeared to offer exit profile improve-
ment without detrimental impact to emissions. Success of theMMMRA sector eventually led to the
selection of the LPP concept over RQL designs for continued full-scale devel opment.

4.5.2.7 Cold-Flow Full-Annular Diffuser Rig

The cold-flow, full-annular, diffuser rig was tested at NASA-Glenn in November and December
1998. Although it was a full-annular test and not actually a sector, discussion is best placed along
withthe sector results. Thetest was set-up to quantify the effectiveness of the diffuser and determine
the resulting air flow distribution in an MRA concept combustor. This particular rig was modeled
after the “moderately mixed” MRA design described previously and isshown in Figure 174. It was
made primarily of plastic (stereolithographic apparatus, SLA) and aluminum since it was to be
operated at room temperature and low pressure. It was heavily instrumented with more than 200
pressure taps throughout the rig. A full-annular rig was used because end wall effects could have
adversely impacted the operation of the diffuser.

Plane 3.0 and 3.1 velocity profilesare shownin Figures 175 and 176. Pressurerecovery information
Ispresented in Figures 177 through 179. Note how the velocity profiles changed as each of thethree
inlet profilerswere used. Theresultsindicate that the diffuser worked well, although some evidence
suggests that the center passage of the diffuser may be separating (see Figure 176). This was
demonstrated by thefact that changing theinlet profilechanged theresultant vel ocity profilethrough
the middle passage. However, because no large vel ocity defect or reverseflow wasobserved, it does
not appear the middle passage had actually separated.

The full-annular diffuser rig completed the series of L PP sector tests.

4.5.3 Rich/Quench/Lean Systems
4.5.3.1 Integrated Module Rig — Wall Jet

An RQL combustor using the more conventional wall-jet technology was tested in an integrated
module rig and demonstrated the capability of achieving EINOx of 13.6 at the supersonic flight
condition (relative to the program EINOx goal of 5). This combustor also demonstrated capability
of achieving the program goal of 99.9% efficiency at supersonic cruise. However, thiswall-jet RQL
combustor was operated at an elevated combustor pressure drop, approximately 8.5% (relative to
adesign target combustor pressuredrop of 5%), to achievethisNOx and CO emissionsperformance.
The quench throat diameter and quench extension length were found to be important geometric
parameters for controlling the emissions performance of the wall-jet combustor configuration.

Combustion tests of the integrated-module rig were conducted in dedicated facilitiesin Cell 1E of
the Jet Burner Test Stand (JBTS) at United Technol ogies Research Center. The serieswasinitiated
onJanuary 11, 1996 and progressed through March 12, 1997. Inthis period, 44 testswere conducted.

The integrated module rig combustor contained a modular, 5-inch diameter RQL combustor that
allowed eval uation of quench-section geometry componentsin a size scale consistent with the next
major test vehicle anticipated in the program at the time: the subscale annular rig. The integrated
module rig combustor was designed to accept either awall-jet configuration or a convoluted liner/
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Figure 174. LPP Cold-Flow, Full-Annular Diffuser Rig
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guench plate configuration. Each of these configurationswas designed using amodul ar construction
technique to allow parametric changes to key combustor hardware. The rig and combustors were
designed to provide easy accessto the quench-section hardwarein particular, sincethat regionwould
be the focus of emissions-reduction technology. A diagnostic emissions probe system, capable of
axial trandation and rotational motion with individual port and ganged sampling, was devel oped to
provide insight into the emissions characteristics of the RQL combustor.

The RQL combustor test facility included a high-temperature airflow distribution and control
system, a variable-geometry fuel injector and control system, the RQL combustor, an emissions
system, and an exhaust system as shown in Figures 180 and 181.

In the integrated module rig, the total combustor airflow traveled through a 6-inch pipe to the
combustor. The rich-zone and quench-zone airflows were set by the combustor hardware and
determined by therel ative effective flow areas of the passages|eading into each zone of the combus-
tor. Thevariable-geometry fuel injector, asthenameimplies, providesacontrollable, variabl e-effec-
tive-flow areafor air introduced into the rich zone of the combustor; hence, the split of air into the
rich zone or quench zone could be manipulated as a key parametric variable for exploration of
emissions reduction potential as well asfor operability and durability benefits.

The variable-geometry fuel injection system was designed to control airflow split by manipulating
the effective area of the fuel injector/bulkhead assembly in combination with the fixed geometry of
the rich-zone liner cooling/quench airflow passages. Design intent was to provide the desired
rich-zone flow in the range of 10% to 40% of the total combustor airflow. The designis built on a
baseline axial-flow swirler, aerating or air-blast injector geometry. Air wasintroduced through three
passages, each equipped with independent vane swirlers (coswirled). Fuel wasintroduced in athin
annular film between the inner air stream and the intermediate air stream. In this concept, only the
outer air passage flow areawas modulated. When installed in acombustor with anominal bulkhead
height of five inches, it was evident the face of the air cap represented a substantial fraction of the
cooled bulkhead surface. Figures 182 and 183 are photographs of the assembled triswirler injector
including the nonflight-type actuation system and the combustor module hardware.

Thefuel injector employed for someof theintegrated modulerig testswasan axial-flow swirler with
an air-blast fuel nozzle that passed all of the rich-zone airflow. Air was introduced through two
concentric annular passages, each equi pped with independent vane swirlers. Thetwo swirl passages
induced corotating flow in the rich zone.

The effect of the fuel injector on emissions performance was assessed. Lean operation in the front
end attempted to i sol ate the injector performance from theinteractionswith the other features of the
RQL combustor. The fixed-geometry injector produced lower NOx than the variable-geometry
injector, but CO emissions performance was similar for both injectors. Surprisingly, the unburned
hydrocarbons were significantly worse for the fixed-geometry injector at these lean conditions.

The rich-zone liner was cylindrical. The leading edge of the liner necked down to accept the
variable-geometry fuel injector or the bulkhead for the fixed-geometry injector. As the rich-zone
flowfield progresses towards the quench plane, the liner shape is curved radially inward to create
the quench throat diameter, a key parametric variable assessed during the combustion tests. Two
guench throat diameters (and hence rich-zoneliner exit diameters), 3.9 inches and 3.4 inches, were
evaluated. The rich-zone liner was convectively cooled with the quench air flowing through an
outer-shroud annulus. Use of convection-enhancement turbulators cast onto the outer surface of the
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Figure 183. Rich-Zone Liner with Thermocouples, Quench Vanes, and Variable-Geometry
Injector; Thermal Paint Applied for Heat Transfer Evaluation
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rich-zone liner was evaluated as well. The convection-cooling annulus was created by the outer
surface of therich-zoneliner and atubular shroud. Thetubular shroud also served asamount flange
for the quench vanes as well as providing the proper shroud annular height to maintain adequate
convection cooling on the back side of the rich-zone liner. This shroud also served as a radiation
shield to prevent the hot rich-zone combustor liner from radiating to the test section spool, and it
provided aflame shield for safety in case of arich-zone liner burn through.

Theeffect of thisconvection augmentation on emissions performancewas assessed. Whilethemain
emphasis on convection augmentation is obviously impact on liner temperatures, the impact on
emissions was also of interest. The emissions analyses showed that the augmentation adversely
impacted CO emissions. It ishypothesi zed that the augmentation added significant turbulenceto the
liner convection cooling flow (henceimproved heat transfer), causing the quench-jet penetration to
decrease and, therefore, result in higher CO emissions.

The quench vanes were designed to take the rich-zone liner convective cooling air, turn it 90°, and
divideit into discrete quench jets. To minimize pressure losses associated with this process, the air
passage was designed to be continuously convergent as the vane transitions flow from the cooling
annulus into the quench jet. Individual quench vanes were designed and fabricated to avoid the
thermal stresses associated with a full-hoop structure. To allow the quench vanes to be thermally
isolated from the rich-zone liner, a gap was implemented at the leading surface of the quench vane.
The effect of the size of this gap was investigated in this program.

A number of quench vane geometrieswere designed, fabricated, and tested in thisprogram to assess
key quench jet orifice parameters and effects on NOx emissions (Table 28).

Table 28. Summary of Quench Vane Geometries Investigated in Integrated Module Rig

Number of Vanes per Set Quench-Zone Diameter (inches) Quench Jet Orientation

8 3.9 Radial
8 3.9 10° Swirl
8 3.9 20° Swirl

12 3.9 Radial

16 3.9 Radial

24 3.9 Radial
8 34 Radial

12 3.4 Radial

24 3.4 Radial

The effect that the number of quench orifices had on emissions performance was assessed and is
shown in Figures 184 and 185. The plots show behavior as afunction of lean-zone residence time,
as measured by axially traversing the emissions-probe system downstream during the combustion
test. It appears that all configurations yielded similar behavior; these comparisons did not conclu-
sively show a benefit of any particular number of quench jets.
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Theeffect of the gap between therich-zoneliner and the quench vane had on emissions performance
was assessed. Local diagnostic emissions sample measurements show that there is minimal impact
on NOx and CO emissions from a change in this gap dimension. However, the unburned hydrocar-
bon emissions appeared to benefit from asmaller gap; therefore, the efficiency of the configuration
with the larger gap was slightly lower.

The effect that swirling the quench jets had on emissions performance was assessed. The 10° swirl
configuration did not significantly impact emissions. However, the 20° swirl configuration had a
significant effect on the CO emissions performance. Detailed individual probe-sample emissions
measurements show a very large CO peak in the center of the 20° swirl configuration. In addition,
The emissions-based fuel/air ratio at the central region showsvery high fuel/air ratios asthe quench
jetsdid not penetrate into the central region of thecylindrical flow field, aswould be expected when
thequenchjet air ishighly swirled. Thelean-zoneresidence time excursion also showstheinability
of this configuration to oxidize the CO from the rich combustion zone, as large EICO persists well
downstream into the lean zone. Similar behavior occurs for unburned hydrocarbons with the 20°
swirl configuration.

The geometrical shapes of the entrance and exit of the quench zone were assessed in the wall-jet
combustor configuration to evaluate impact on emissions. Since the shapes of these inlet and exit
regions had changed from previous single-module rig tests, particularly on the inlet side to enable
incorporation of the quench vane geometry, an evaluation was performed in the integrated-module
rigtofind out if aconical shaped inlet or exit was essential to the |ow-emissions performance of the
RQL combustor. A conical transition at the inlet to the quench region was formed by the use of the
castable ceramic to create an insert at the aft end of the rich-zone liner. A conical transition exiting
from the quench region, downstream from the quench extension region, was created by casting the
desired shapeinto thelean-zone Plicast liners. The effect that the conical transition at theinlet to the
guench region and at the exit from the quench region had on emissions performance was found to
be insignificant to the emissions performance of this RQL combustor.

The quench extension section consisted of awater-cooled spool piece with adiameter that matched
the quench throat diameter and extended for an axial distance to allow a confined region for the
guench mixing process to occur prior to expansion or dump of the flow into the lean zone. Various
guench extension lengths were evaluated in this program, including: 1.1, 1.6, 2.7, and 3.2 inches.
Theinner surface of the quench extension or |ean transition section exposed to the combusting gases
was either coated with athermal barrier or protected with a castable ceramic liner insert to isolate
the combusting gas from artificial cooling induced by water-cooling the spool section.

The effect that the length of the extended confined region immediately downstream of the quench
air addition plane had on emissions performance was assessed. Figure 186 and Figure 187 describe
the effect that the quench extension length had on emissions. CO and unburned hydrocarbon emis-
sions benefited from an increase in the length of this quench extension region, hence the improve-
ment in efficiency, whilethe NOx emissionsremained rel atively unaffected. Thedetailed individual
emissions probe samples show aflatter NOx profilewith thelonger extension length, and no central
CO peak as was observed with the shorter 1.1-inch quench extension.

The effect that the diameter of the quench throat at the quench air addition plane had on emissions
performance was assessed. The emissions performance comparison from these runs investigating
guench throat diameter is shown in Figures 188 and 189. The lean-zone residence time excursion
shows lower NOx emissionsfor the smaller quench throat diameter, but the CO emission remained
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relatively unaffected by the change in quench throat diameter. These comparisons were for a
constant airflow in the combustor. However, the smaller quench throat diameter resulted in the
combustor operating at a higher overall pressure drop. It is not apparent whether the lower NOx
emissionswerearesult of theimproved mixing with the smaller quench throat diameter or afunction
of the increase in pressure drop. Unfortunately, a pressure drop excursion had not been conducted
during these particular combustor configuration tests to provide insight into this phenomenon.

The lean-zone section was cylindrical and contained a castable ceramic liner to provide thermal
insulation. For amajority of the tests an axially traversing, circumferentially rotating, emissions-
sampling probe was mounted in the transition section al ong the combustor centerline. A fixed-loca-
tion, emissions-sampling probe system was also used for some of the combustion tests. The exit
plane for the combustor was defined by the location of the probe tips of the axially traversable
emissions probe system. However, this could be shortened by traversing the probe system forward,
making lean zone residence time a primary focus in the combustion test program.

Evaluation of all of the results obtained during the wall-jet combustor configuration testsindicated
that the best emissions-performing configuration was the one in runs 32 and 33, which combined
the long quench extension with the small quench throat diameter. Figures 190 through 195 summa-
rize the results from this configuration.

A preliminary assessment was made of how a fuel-shifted wall-jet RQL combustor might perform
throughout the flight envelope and especially in airport-vicinity emissions. Tests were conducted
to simulate a variety of airport-vicinity conditions. Fuel/air ratio excursions were performed, and
emissions were measured as a function of these conditions for both a modul e operating with arich
front end and amodul e operating with alean front. These datawere then combined using the method
of superposition, accounting for an airflow distribution of approximately 60% for an OD bank of
modules and 40% for an I D bank of modules, to estimate an integrated value of emissions at the exit
of afuel-shifted RQL combustor. The acquired datafor both the lean and rich front-end conditions
and the airport-vicinity emissions estimates are shown in Figures 196 through 199 and Table 29. A
more comprehensive evaluation of fuel shifting for a reduced-scale-quench RQL combustor in a
multiple modul e sector rig, including rich modul e/lean modul e interaction effects, wasinvestigated
using the fuel-shifting sector rig.

4.5.3.2 Integrated-Module Rig — RSQ/Convoluted Liner

An RQL combustor, using RSQ technology implemented in a convol uted-liner/quench-plate con-
figuration, demonstrated the an EINOx of 9.2 fuel at the supersonic flight condition (relative to the
program goal of 5). This rich/quench/lean combustor, with reduced-scale quench technology, also
demonstrated exceptional efficiency: 99.98%, relative to the program goal of 99.9% at supersonic
cruiseconditions. During concept devel opment, uniformity wasdiscoveredto play animportant role
in determining the emissions performance of the RSQ convoluted-liner/quench-plate combustor
configuration.

The series of parametric tests in support of the RSQ convoluted-liner/quench-plate combustor
design were conducted in theintegrated modulerigin Cell 1E of the IBTSat UTRC. Thetest series
was initiated on November 5, 1996 and progressed through March 22, 1997. During this period, 18
tests were conducted.
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Figure 196. NOx Emissions of a Rich Module for Fuel-Shifting Assessment
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Figure 197. Efficiency of a Rich Module for Fuel-Shifting Assessment

NASA/CR—2005-213584/VOL2 158

3700



RQL Integrated Module Rig Test
8-Orifice Wall Jet Configuration
Fixed-Geometry Airblast Injector
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Figure 198. NOx Emissions of a Lean Module for Fuel-Shifting Assessment
RQL Integrated Module Rig Test
8-Orifice Wall Jet Configuration
Fixed-Geometry Airblast Injector
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Table 29. Airport Vicinity Emissions Assessment for a Fuel-Shifted, Wall-Jet, RQL Combustor
Thrust Settings and Time-In-Mode For Landing/Takeoff Cycle (Supersonic)

Index Number Operating Condition EINOx EICO EIHC

1 Idle 4.8 20.50 1.35

2 Descent 3.8 13.56 2.95

3 Approach 4.4 7.00 1.92

4 Climb 6.4 0.98 0.01

5 Takeoff 11.2 1.69 0.01
Integrated LTO Goal 5.2 7.9 0.7

Goal <5.0 <78 <1.0

The integrated-module rig RSQ convol uted-liner/quench-plate combustor configuration consisted
of afuel injection device (described previously for the integrated-module rig, wall-jet configura-
tion), aconvoluted rich-zoneliner, aninsert “ nose piece” to guidethe convective cooling air around
the convoluted liner, a quench plate, and alean zone as shown in Figure 200.

Therich-quench module consisted of arich-zoneliner, shownin Figure 201. Theliner wascylindri-
cal with a5-in ID towards the front end of therich zone. Theleading edge of the liner necked down
to accept the fuel injector/bulkhead. As the rich-zone flow field progresses towards the quench
plane, theliner shapeisconvoluted to direct the rich-zoneflow into four channelsin preparation for
injection of thequench air. All four channelsare 0.5 inchesin height. Therich-zoneliner isconvec-
tively cooled with quench air. Towards the aft end of the rich zone section, the convective cooling
air isguided, such that the air maintains contact with the rich-zone liner, through the use of aninsert
“nose piece” that acts as an aerodynamic guide so that the convective air maintains velocity and,
hence, cooling effectiveness as it is channeled into the convoluted regions. The liner/nose piece
assemblies were suspended inside a tubular shroud that forced the quench air across the upstream
cylindrical surface of therich liner for convective cooling of that region.

Beyond directing the cooling/quench air along the back-side surface of the convoluted liner, the
insert “nose piece” also distributed quench air to the downstream edge of the liner. There it was
injected into the rich-zone gas from small orifices in a toothed quench plate to produce the RSQ
mixing. This quench plate was the main focus of the development and optimization efforts of this
portion of the program.

A representative quench plate geometry designed, fabricated, and tested in this combustion rig is
showninFigure202. Thequench orificesweresized to control the pressuredrop and, incombination
with the rich-zone swirler effective flow area, provide the appropriate quantity of quench air to
maintain the desired split of approximately 23% air into the front end of the combustor. The width
of each dlot varied throughout the channel lengths and was determined to provide optimum mixing
for minimizing NOx emissions. The quench channelsin the quench plate were designed to the same
dimensions as the exhaust of the convoluted rich-zone liner. Additionally, a small fraction of the
guenchair (4% of total combustor air) wasbled through small effusion holeson thedownstream face
of the plate as cooling air for the aft face of the quench plate.
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Figure 200. Integrated Module Rig Layout with RSQ Convoluted Liner/Quench
Plate Combustor Configuration

Figure 201. Rich-Zone Convoluted Liner
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Figure 202. Isometric View of Quench Plate
with Flowpath

Thelean-zone section was cylindrical. The exit plane of the combustor was defined by the location
of the probe tips of the axially traversable emissions-probe system. However, this length could be
shortened by traversing the probe system forward, hence making |ean-zoneresidencetimeaprimary
focus in the combustion test program.

A summary of performance for all RSQ convoluted-liner/quench-plate combustor configurations
is shown in Figures 203 through 205. The figures show the behavior for a fuel/air ratio = 0.030
supersonic cruise condition. From the figures, especialy the NOx vs CO plat, it is apparent that
guench plate configuration No. 15 performed the best with the lowest NOx and CO emissions.

Theeffect that the gap between the convol uted rich zoneliner and the quench plate had on emissions
performance was assessed. Figures 206 and 207 show the impact of varying the gap between the
convoluted rich zone liner and the quench plate. The NOx emissions appear unaffected by this
geometric variation. However, The CO emissions were lower with the gap between the convol uted
liner and the quench plate than without the gap.

The effect of an extended length of confined quench region immediately downstream of the quench
air addition plane on emissions performance was assessed. Figure 208 and Figure 209 show the
impact of thisquench extension. NOx emissionsare unaffected, but CO emissionsarelower without
the extended quench length for this lean-zone residence time excursion. Because of durability
concerns with this region, subsequent testing beyond configuration No. 3 did not use any quench-
extension hardware beyond the quench plate itself.

Optimization of the quench air addition and detail ed diagnosti c emissions measurementstaken from
the series of prior quench plate configurations (Nos. 1 through 14) resulted in the generation of
guench-plate configuration No. 15, the best emissions performer for theintegrated modulerig tests.
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Figure 206. Effect of Gap Between Rich-Zone Convoluted Liner and Quench Plate
on NOx Emissions as a Function of Lean-Zone Residence Time
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Figure 209. Effect of Quench Extension on CO Emissions as a Function
of Lean-Zone Residence Time

Testing of quench plate configuration No. 15 focused on conditions taken from HSR/CPC Program
Coordination Memo GE97-002—C, summarized in Table 30, with the primary intent of assessing
supersonic cruise emissionsin support of the combustor downselect. The emissions resultsfor this
configuration are summarized in Figures 210 through 215.

Table 30. Uniform Schedule of Test Points

Test Conditions T3 (°F) P3 (psia) Fuel/Air
Nominal Supersonic Cruise 1200 150 0.0300
Nominal Subsonic Cruise 630 80 0.0200
100% Thrust LTO (Takeoff) 919 301 0.0329
65% Thrust LTO (Climb) 740 212 0.0248
34% Thrust LTO (Approach) 588 134 0.0187
15% Thrust LTO (Descent) 446 82 0.0141
5.8% Thrust LTO (Idle) 295 45 0.0113

A preliminary assessment was made of how a fuel-shifted RSQ/convoluted-liner RQL combustor
might perform throughout the flight envelope and especially in airport-vicinity emissions. Tests
were conducted to simulate a variety of airport-vicinity conditions, focused on potentialy fuel-
shifted conditions of 15% thrust descent, 34% thrust approach, and subsonic cruise. Fuel/air ratio
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Figure 210. NOx Emissions as a Function of Lean-Zone Residence Time
for Quench Plate Configuration No. 15
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Figure 211. CO Emissions as a Function of Lean-Zone Residence Time
for Quench Plate Configuration No. 15
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Figure 214. NOx Emissions as a Function of Fuel/Air Ratio for Quench Plate
Configuration No. 15
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Figure 215. Emissions as a Function of Fuel/Air Ratio for Quench Plate
Configuration No. 15
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excursions were performed, and emissions were assessed as a function of these conditionsfor both
amodul e operating with arich front end and amodul e operating with alean front. The resultsfrom
those tests are summarized in Figures 216 through 221. The figures are marked with additional
dotted linessignifying thefuel/air ratiosthat each of those moduleswould operate at in afuel -shifted
mode, assuming 5% of combustor air is reserved for cooling the lean-zone liners. It was found that
satisfactory emissions and efficiency could be obtained at the subsonic cruise flight conditionin a
uniform, non-fuel-shifted condition. A more comprehensive evaluation of fuel shifting for an RSQ
RQL combustor in a multiple-module sector rig, including rich-module/lean-module interaction
effects, was investigated using the fuel-shifting sector rig.

4.5.3.3 Product Module Rig

The specific intent of thisrig wasto demonstrate a RQL combustor, using RSQ technology imple-
mented in a quench-vane concept, capable of achieving the program goal of emissions of EINOXx
less than 5 fuel at the supersonic flight condition while maintaining combustion efficiencies in
excess of 99.9%. Rig tests demonstrated the capability of achieving EINOx of 8.5 fuel at the
supersonic flight condition. All configurations in the product module rig configuration demon-
strated exceptional efficiencies, greater than 99.97%, at supersonic cruise conditions.

Thedesign activitiesfor the product-likeimplementation were conducted asajoint activity between
Pratt & Whitney and United Technol ogies Research Center. Combustion testsof the product-module
rig were conducted in Cell 1E of the JBTS at UTRC. The product-module rig combustors were
designed and fabricated specifically for this task and targeted as a representative section of the
full-scale RQL combustor concepts. The product-modul e rig combustor was designed as adrop-in
replacement section for the single-modul e rig combustor — to make efficient use of the existing test
facility and to support the rapid development process for the forthcoming combustor downselect.

In the product-module rig configuration, the total airflow traveled through a 6-inch pipe to the
combustor, and the rich-zone and quench-zone airflows were set by the combustor hardware and
determined by therel ative effectiveflow areas of the passages|eading into each zone of the combus-
tor. The product-module rig configuration was designed to control airflow split via the effective
areas of the fuel injector/bulkhead assembly and the rich-zone liner cooling/quench airflow pas-
sages. These flow passages were designed to provide the desired rich-zone flow of approximately
23% of the total combustor airflow.

Theinjector configuration consists of radial in-flow swirlerswith air introduced through inner and
outer passages. Each of these passages contained tangential slots through which air was admitted,
imparting a swirl component to the flow. A centrally mounted fuel injector delivered fuel through
radial jets, spaced at even azimuthal intervals. The radial in-flow swirler/fuel injector system was
used in both builds of the product-modulerig.

The RQL product-module rig was designed to approximate one inner-bank module of the RQL
3770.54 Product Engine, Figure 222. The product engine design consisted of two banksradially with
the inner bank flowing approximately 40% of the total combustor airflow. The inner bank was
composed of 24 trapezoidal modules. The product-module rig was therefore designed to fit within
a 15° sector with an inner radius of 13.150 inches and an outer radius of 19.595 inches.
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Figure 216. NOx Emissions at 34% Thrust LTO (Approach) for Quench Plate
Configuration No. 15
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Figure 217. CO Emissions at 34% Thrust LTO (Approach) for Quench Plate
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Integrated Module Rig
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Figure 218. NOx Emissions at 15% Thrust LTO (Descent) for Quench Plate
Configuration No. 15
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Figure 219. CO Emissions at 15% Thrust LTO (Descent) for Quench Plate
Configuration No. 15
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Integrated Module Rig
Convoluted Liner

16 : :
Configuration Conditions
Injector: Fixed Geometry Inlet Temperature: 630°F
14 1 Quench Plate Configuration: No. 15 Inlet Pressure: 80 psia
Quench Extension Length: None Total Airflow: 1.7-2.0 pps
Lingr/Quench Plate Gap-: None A fla: (Variable)
12 1 Emission Probf Sy_stem._Traversmg _ Orich: (Variable) H
Ganged, +22.‘5 Orientation, 1:|e‘an. 2.6-39msec(6in) | ® APIPomp: 4.5%
_. 10 J ® RSQ Quench Plate Configuration No. 15 1
© * &
]
s .
g s :
2 ° o
x
o .
Z 6
w .
. ..
4 . C % o o
2 Nominal Subsonic Cruise
(5% Cooling)
0 | ||
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Fuel/Air Ratio (Metered)
Figure 220. NOx Emissions at Nominal Subsonic Cruise for Quench Plate
Configuration No. 15
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Figure 221. Efficiency at Nominal Subsonic Cruise for Quench Plate
Configuration No. 15
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0.5-inch
Channel
Three Places

Figure 222. Product-Module Rig Build 1, Aft Looking Forward

Product Module Rig — Build 1

The product-modulerig Build 1 and 1A RQL configurationsincorporate the RSQ concept by using
guench vanes to break up the quench zoneinto three channels, 0.5-in wide (see Figure 222). These
0.5-in channels are created by two quench vanes and by two sidewall turning strips. A cross section
of therigisshown in Figure 223, and a 3D solid-model exploded view of the combustor is shown
in Figure 224.

Testing of build 1/1A of the Product Module Rig was conducted in Cell 1E of the BBTS at UTRC
during the period of February 27, 1998 through March 2, 1998. Testing was focused on conditions
taken from the HSR/CPC Program Coordination Memo GE97-002—-C, summarized in Table 30
(page 166), with the primary intent of assessing supersonic cruise emissions in support of the
combustor downselect.

The main test section houses the rich/quench module. The exit transition zone is water cooled and
hasacast ceramic flowpath. The cast ceramic transitionsthe flowpath from atrapezoid to acylindri-
cal shape to facilitate emissions sampling. The rotating/trans ating emissions probe protrudes into
the lean zone. The probe rotates about the pressure-vessel centerline and can be trandlated up to the
trailing edge of the quench vanes. The trapezoidal flowpath for the 15° sector has been cut into the
combustor housing.
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Figure 223. Cross Section of Product-Module Rig Build 1

Combustor Housing Upper Impingement Shell
Bulkhead with Corner Dams

Rich Liner
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Lower Impingement Shell
with Corner Dams
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Figure 224. Exploded View of Product Module Rig Build 1
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The bulkhead assembly consists of the bulkhead structure, the hea tshield, and the swirler. The
bulkhead containsthe mounting holefor the swirler and igniter and impingement cooling holes. The
spent impingement air travelsradially inward and mixeswith the swirler air. Angled standoffswere
placed on the bulkhead to add swirl to the spent impingement air, corotating with the outer swirler
air. Theswirler isaradia in-flow device. Thefuel injector isaradial jet injector and spraysthefuel
onto the filming surface of the radial in-flow swirler. The fuel injector used was an existing P&W
engine fuel injector.

Therich-zoneliner isabasic trapezoidal sector shape. The upper and lower surfaces of theliner are
impingement cooled. Spent impingement air isexhausted rearwards and convectively coolsthearea
of theliner between the quench vanesbeforeit isdumped into theexit transition zone. Thesidewalls
of theliner are convectively cooled. Corner dams are tack welded to the upper and lower impinge-
ment shells. These dams are intended to separate the convection-cooled liner sidewalls from the
impingement-cooled upper and lower surfaces of the liner.

Thevane outer shell isatapered racetrack shape. The axial length is constant while the width of the
vanetapersfromtheOD tothelD. Therearemain quench orificeson each sideof thevane. Upstream
and downstream of the main orifices are exhaust slots for spent impingement cooling air, located
in line with the main orifices.

Theturning stripstake air that was used to convectively cool theliner sidewallsand turnsit 90° into
therich gaspath. Astheair isturned, it isalso broken up into discreet jets. The aft end of theturning
strip consists of an effusively cooled sidewall so that the turning strip ends at the same axial plane
as the quench vanes.

A modification to the Build 1 design was intended to perturb the split within the combustor in an
attempt to bring the splitin linewith designintent. Build 1 was modified into Build 1A by installing
ablockagering at theinlet to theradial in-flow swirler, astandard practice for parametric variations
of flow split while conducting development combustor testing. This blockage ring was installed
such that it reduced the airflow to only the inner swirler of the radial in-flow swirler. Installation of
the blockage ring resulted in anet reduction in the overall bulkhead effective flow area (including
inner swirler passage, outer swirler passage, and bulkhead cooling) from 1.11 in? for Build 1t0 0.90
in? for Build 1A.

Results from Builds 1 and 1A of the product module rig for the 15% thrust LTO descent condition
are shown in Figures 225 through 227. Theoretically, for afixed-geometry combustor, the stoichio-
metry of the rich zone must fall on a straight line that passes through the origin of the graph.
Therefore, the curve fits shown on the graph have this behavior enforced. As expected, the NOx
increases astherich-zone approaches stoi chiometric conditions and drops of f significantly at higher
fuel/air ratios, when the rich zone is well above stoichiometric conditions. There appears to be
minimal impact on the NOx emissions by the changein split (that is, bulkhead effective flow area).
The nominal set-point fuel/air ratio for the inlet condition specified is annotated on the graph. For
this 15% thrust LTO descent condition, it is anticipated that the RQL would be operated in a
fuel-shifted mode with approximately 40% of the burner operating like the lean front end of the
graph and approximately 60% of thecombustor operating liketherich portion of thegraph. Superpo-
sition of thetwo behaviors, presuming minimal interaction effects, may be used to predict emissions
at the LTO nominal fuel/air ratio condition. From the graph, it is apparent that approximately 4-5
EINOx would result from the superposition of these two behaviors. Excellent efficiency, greater
than 99.5%, was obtained for most fuel/air ratios tested.
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Reduced-Scale Quench with Quench Vanes
Radial In-Flow Swirler
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Figure 225. Rich-Zone Stoichiometry Comparison at 15% Thrust LTO (Descent)
Condition for Product Module Rig Builds 1 and 1A
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Figure 226. NOx Emissions at %15 Thrust LTO (Descent) Condition for Product
Module Rig Builds 1 and 1A
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Reduced-Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 446°F, P3 = 82 psia, AP/P(Pgome » P4 ) = 4.5%
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Figure 227. Efficiency at 15% Thrust LTO (Descent) Condition for Product
Module Rig Builds 1 and 1A

A brief inspection of the combustor was conducted during the shutdown between Builds 1 and 1A.
It was observed at thistimethat two of the four corner dams had apparently broken some weldsand
were out of position as shown in Figure 228. Thetwo corner damslocated onthe ID of therich zone
were lifted up, partially blocking the sidewall/turning-strip airflow passage. These corner dams
separate the sidewall/turning-strip flow from the spent top and bottom impingement cooling air. The
corner damswere pushed back into place, and appeared to stay seated inthe original position, so that
combustion testing could continue.

Build 1A testing, with the blockage ring on the swirler, began on March 2, 1998. After testing at the
descent condition, the combustor was blown-out so that the inlet conditions could be raised to the
supersonic cruise condition. Immediately after light off at supersonic cruise, the airflow split was
observed to have changed, and the rig was shut down. Inspection found significant distress to the
rich-zoneliner and quench vanes. All distresswaslimited to the heat-shield surfaces of the combus-
tor; the mgjor structural components showed no distress. The corner damswere again found lifted.
A root-cause investigation identified the problem as fundamentally associated with these corner
dams. The resultant position, after dislodging, significantly blocked sidewall flow, preventing
adequate convective cooling of the sidewall. Without adequate cooling, the sidewall liner tempera-
turesexceeded design limits, resulting in thermal distortion. Build 1/1A testing wasterminated, and
the lessons learned were applied to the next build of the product-modulerig.

Product Module Rig — Build 2

Build 2 of the product module rig focused on the following major changes. smaller quench-zone
channel height for improved emissions, simulation of an annular RQL configuration withimproved
feed of sidewall quench orifices, and improved rich-zoneliner cooling control. The design of Build
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Corner Dam Detached:
e Blocked sidewall convective air
e Crosstalk between convective air and spent impingement cooling air

Figure 228. Forward-Looking-Aft View of Product Module Rig Build 1 Combusor
Showing Corner Dam Weld Failure and Impact

2 hasfour guench zone channels, 0.3-inwide, asshownin Figure 229. Build 2 also incorporates*” hal f
vanes’ instead of turning strips at the sidewallsto simulate arepresentation of an annular rich-zone
designinthissinglefuel injector rig. Therich-zoneliner was cooled on all four sideswith impinge-
ment air. The spent impingement air was extracted from therig and separately valved and measured
through a venturi for improved liner durability. A cross section of the Build 2 design is shown in
Figure 230. Figure 231 is an exploded 3D solid-model view of the components of the Build 2
combustor. A comparison of the flowpath between Build 1 and Build 2 is shown in Figure 232.

Build 2/2A of the product modul e rig demonstrated the capability of achieving aEINOx of 8.5 fuel
at the supersonic cruise flight condition with exceptional efficiency, greater than 99.97%.

To facilitate arapid redesign for this second build, many components were reused or designed with
similar featuresto Build 1. The main test section, exit transition zone, and fuel injector were reused
from Build 1. The combustor housing for Build 2 was similar to Build 1 except additional material
was removed to provide room for the impingement exhaust tubes and to provide better flow of air
to the liner impingement holes. The bulkhead assembly and aft trap plate were similar to Build 1.

Therich-zoneliner for Build 2, whilethel D and OD radiusremained the same, incorporated tapered
“half vanes’ on the two sidewalls rather than straight turning strips. As aresult, the sidewall angle
for Build 2 isdlightly different. In addition, three vane slots are required for Build 2. The sidewall
shellsalso have provisionsfor extracting spent cooling air through an orifice for measuring airflow
and a control valve before dumping into the rig exhaust stack.

The vane outer shell isatapered racetrack shape. The axial length is constant while the width of the
vanetapersat aanglefromthe OD tothelD. Therearemain quench orificeson each side of thevane.
Upstream and downstream of the main orifices are exhaust slots for spent impingement cooling air.
Both sets of exhaust slots are located in line with the main orifices. The supports include some
effusion holes to cool the platform area.
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Figure 229. Product-Module Rig Build 2, Aft Looking Forward

Figure 230. Cross Section of Product Module Rig Build 2
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Figure 231. Exploded View of Product Module Rig Build

Build 1 Build 2

o Air convectively cools liner side walls e Sidewall vanes are fed from ID and OD
and is then turned into the combustor shrouds (identical to center vanes)
at the quench plane « All liner surfaces are impingement cooled

e Liner ID and OD surfaces are
impingement cooled

Figure 232. Comparison of Airflow Paths for Product Module Rig Build 1 versus 2
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Thesidewall vanesaredesigned to simulate half of anormal quench vane. Becausethey aremounted
flushwith the sidewall of therich-zoneliner, they have asquare leading edge, rather than arounded
front like the main quench vanes. In order to provide better feed of the quench air to the sidewall
vanes, air isalowed to enter the sidewall vane baffle structure through holes machined in the outer
face in addition to feed from the ID and OD sides.

When Build 2A was modified from Build 2 a larger effective flow area swirler was installed,
changing the airflow split between the rich and quench zones. Datafor Build 2A were acquired at
the high-power conditions, focusing on the 100% thrust LTO takeoff and nominal supersonic cruise.

Resultsfor the 5.8% thrust LTO idle condition for Build 2 are shown in Figures 233 through Figure
235. As shown in the stoichiometry graph, because of the lower than intended split associated with
the Build 2 hardware, operation at nominal idle fuel/air ratio would result in rich-zone equivalence
ratio of approximately 0.9, slightly higher than intended. Asexpected, NOx emissionsare very low
at this low-inlet-temperature condition. CO emissions at idle appear much higher than intended,
even for the lean-front-end conditions. The rather high UHC emissions at idle may berelated to the
particular flowfield characteristics of this swirler/injector combination at the fuel/air momentum
rati os associated with these conditions. Poor idle efficienciesresult from thisCO and UHC behavior.

Results for the 15% thrust LTO descent conditions are shown in Figures 236 through 238 and are
plotted along with the results from Build 1 and 1A. While NOx emissions show similar behavior,
thedistinct differencesin behavior that were observed in the CO and UHC emissionsfurther support
the presumption that the flowfield and fuel/air mixedness associated with the fuel injector/swirler
used for Build 2 were not optimal for low-power performance.

Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 295°F, P3 = 45 psia, AP/P(Pyome —> P4) = 4.5%
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Figure 233. Rich-Zone Stoichiometry at 5.8% Thrust LTO (ldle) Condition for Product
Module Rig Build 2
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 295°F, P3 = 45 psia, AP/P(Pyome —> P4) = 4.5%
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Figure 234. NOx Emissions at 5.8% Thrust LTO (Idle) Condition for Product Module Rig
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Figure 235. Efficiency at 5.8% Thrust LTO (Idle) Condition for Product Module Rig
Build 2
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 446°F, P3 = 82 psia, AP/P(Pgome —> P4) = 4.5%
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Figure 236. Rich-Zone Stoichiometry Comparison at 15% Thrust LTO (Descent)
Condition for Product Module Rig Builds 1, 1A, and 2
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Figure 237. NOyx Emissions at 15% Thrust LTO (Descent) Condition for Product
Module Rig Builds 1, 1A, and 2
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 446°F, P3 = 82 psia, AP/P(Pgome —> P4) = 4.5%
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Figure 238. Efficiency at 15% Thrust LTO (Descent) Condition for Product Module
Rig Builds 1, 1A, and 2

Nominal subsonic cruiseresultsare shown in Figures 239 through 241. Asshown in the stoichiome-
try graph, at the nominal subsonic cruisefuel/air ratio, for the split associated with the Build 2 fuel
injector/swirler, the rich-zone equivalence ratio would be 1.6. However, data were taken at richer
conditionsand much leaner conditionsinitially, for the purposes of estimating the emissions perfor-
mance without subjecting theliner to the potential of high temperatures prior to acquiring emissions
at the supersonic cruise condition, the prime goal of this series of tests. It was anticipated that with
additional time available after testing at the supersonic cruise condition, additional datacould have
been acquired at the exact nominal subsonic cruisefuel/air ratio. As anticipated, the NOx behavior
when the rich zone operates above stoichiometric conditions is fairly insensitive to fuel/air ratio
where as the lean portion of the curve shows a much steeper dependency of NOx as a function of
fuel/air ratio. Combining the CO and UHC emissions behavior, the resultant combustor efficiency
at the nominal subsonic cruise condition would be expected to be greater than the goal value of 99%
required for cycle and economic performance of the HSCT aircraft.

Takeoff performance was assessed at aderated, reduced-pressure-condition, based on limitations of
thefacility that prevented operation of the combustor at inlet pressures above 150 psia. Timedid not
permit acquiring emissions as afunction of inlet pressure at this condition. These data are usually
acquired to determine the pressure dependency by which the data could be scaled to true combustor
inlet pressure. However, experience with RQL combustors indicates that NOyx emissionstypically
scale as afunction of the square root of the pressure ratio scale factor. Data acquired on other RSQ
combustors in this program have shown pressure dependencies with scale factors as low as the
pressure ratio raised to the 0.3 power.
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 650°F, P53 =80 psia, AP/P(Pgome —> P4) = 4.5%
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Figure 239. Rich-Zone Stoichiometry at Nominal Subsonic Cruise Condition for
Product Module Rig Build 2
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Figure 240. NOyx Emissions at Nominal Subsonic Cruise Condition for Product Module
Rig Build 2
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 650°F, P3 = 80 psia, AP/P(Pgome —> P4) = 4.5%
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Figure 241. Efficiency at Nominal Subsonic Cruise Condition for Product
Module Rig Build 2

Asshowninthestoichiometry curveof Figure 242, because of thelower thanintended split for Build
2, the rich-zone equivalence ratio would have been excessive at the nominal 100% thrust LTO
takeoff condition fuel/air ratio. Dataare shown for both Build 2 and Build 2A. Thefuel/air excursion
was curtailed to amaximum fuel/air ratio of 0.032, slightly below the nominal fuel/air ratio for this
LTO condition, dueto time constraints and the desire to proceed to the supersonic cruise condition.
However, the emissions behavior can be extrapol ated from the dataacquired. NOy emissionsshown
in Figure 243 highlight the behavior of an RQL combustor where NOy is fairly insensitive to
changes in fuel/air ratio because most of the emissions are formed in the quench zone and are not
impacted significantly by the combustor exit flame temperature. CO emissions are very low, and
UHC emissions are negligible as would be expected for these conditions, resulting in efficiencies
greater than 99.9% (Figure 244). The NOx and efficiency performance of the Build 2A combustor
showed behavior similar to that observed in Build 2. The only difference observed is a dlightly
reduced sensitivity of NOy emissions at the higher end of the fuel/air ratios tested.

Supersonic cruise performance is shown on Figure 245 through Figure 247. Again, the stoichiome-
try curve shows the higher than desired rich-zone equivalence ratio, 2.6 vs 2.0, at the nominal
supersonic cruise fuel/air ratio, for the Build 2 configuration. Build 2A reduced the front-end
equivalenceratio of 2.1. NOy emissionsat supersonic cruise show aslightly increasing dependency
as a function to fuel/air ratio as the inlet temperature and fuel/air ratio combine to result in a
combustor exit flame temperature that isjust on the border of inducing additional NOx production
inthe aft end of the combustor. However, this contribution is minimal compared the NOx produced
inthe quench region of thecombustor. EINOx of 8.5 wasdetermined fromtheNOy data. Thechange
in split for Build 2A did not appear to impact the NOx emissions performance. At this condition
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 900-950°F, P53 = 150 psia, AP/P(Pgome —> P4) = 4.5%
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Figure 242. Rich-Zone Stoichiometry Comparison at Derated, Reduced Pressure 100%
Thrust LTO (Takeoff) Condition for Product Module Rig Builds 2 and 2A
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Figure 243. NOyx Emissions at Derated, Reduced Pressure 100% Thrust LTO
(Takeoff) Condition for Product Module Rig Builds 2 and 2A
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Figure 245. Rich-Zone Stoichiometry Comparison at Nominal Supersonic Cruise
Condition for Product Module Rig Builds 2 and 2A
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Reduced Scale Quench with Quench Vanes
Radial In-Flow Swirler
T3 = 1200°F, P3 = 150 psia, AP/P(Pgome —> P4) = 4.5%
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Figure 246. NOyxEmission Comparison at Nominal Supersonic Cruise Condition for
Product Module Rig Builds 2 and 2A
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Figure 247. Efficiency Comparison at Nominal Supersonic Cruise Condition for
Product Module Rig Builds 2 and 2A

NASA/CR—2005-213584/VOL2 190



COEI of 1.2 was recorded. Again, UHC emissions are negligible at this high inlet temperature
condition, resulting in combustor efficiencies of 99.97%.

4.5.3.4 Fuel Shifting Sector Rig

Thespecificintent of thissector rigwasto evaluatefuel shifting asacombustor control methodology
for a multiple-bank RQL combustor, using RSQ technology implemented in a convoluted-liner-
with-quench plate concept. Use of this control technique significantly reduces the risk associated
with RQL combustors by eliminating the need for a variable-geometry mechanism to control
combustor airflow while still maintaining low emissions, good performance, and operability
throughout the flight envelope. Results are summarized as follows.

EINOx 3.5 and combustion efficiency of 99.6% at subsonic cruise were demonstrated in anon-fuel-
shifted mode of operation, satisfying the HSCT combustor requirements of lessthan 10 EINOx and
greater than 99% efficiency. NOx emissions throughout the airport-vicinity conditions tested were
low in fuel-shifted as well as uniformly fueled modes. CO emissions benefited from fuel shifting
at descent and approach conditions with minimal, acceptable increases in NOx emissions at those
conditions relative to a uniformly fueled mode. Radial profiles observed from fuel shifting were
moderate and anticipated to occur primarily at moderateto low enginepower levels. Inafuel-shifted
mode, NOx and CO emissions for the rich-operating module were insensitive to fuel/air ratio
perturbations. At low inlet temperatures, the higher fuel/air ratios aided the oxidation of the CO
produced in the rich zone by raising the exit transition zone temperature locally in the region
downstream of this module. In afuel-shifted mode, NOx and CO emissions for the lean operating
modul e increased as the equivalence ratio approached stoichiometric; increases were observed for
equivalence ratios greater than or equal to 0.6. Excellent operability was observed with LBO at
front-end equivalence ratios of 0.3 or below.

Through the combustion tests conducted, information on emissions and performance (NOx, CO,
UHC, and combustion efficiency) was obtained at various key operating points including the air-
port-vicinity conditions (5.8% thrust idle, 15% thrust descent, 34% thrust approach, 65% thrust
climb) as well as subsonic cruise. Emissions behavior was assessed as a function of the degree of
fuel shifting applied to the combustor to evaluate the overall emissions characteristics as well as
radial-profile characteristics associated with fuel-shifting technology. Data acquired provided in-
sight into the tradeoffs among emissions, performance, and the combustor exit profile.

Thedesign activitiesfor the fuel-shifting sector rig were conducted asajoint activity between P& W
and UTRC. Combustion testswere conducted in dedicated facilitiesin Cell 3 of theJBTSat UTRC.
The facility contained a fuel delivery and control system capable of providing independent fuel
control and metering to each fuel injector of the RQL test combustor. The combustor rig contained
two modules positioned vertically to simulate the ID and OD banks of the product-design concept.
This configuration allowed evaluation of fuel-shifting control technology in a size scale consistent
with aproduct implementation of RSQ technology for an RQL combustor under development inthe
HSR program

The fuel-shifting sector rig combustor configuration was designed to control the airflow split
between the rich and quench zone sections via the effective areas of the fuel injector/swirler/bulk-
head assembly and the rich-zone liner cooling/quench airflow passages. These passages were de-
signed to provide the desired rich-zone flow of approximately 23% of the total combustor airflow.
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The RQL fuel-shifting sector rig was designed to approximate a small, narrow sector of the RQL
3770.54 product engine. The product engine design consisted of two banks radially with the inner
bank flowing approximately 40% of the total combustor airflow and the outer bank sized to flow
approximately 60% of the total combustor flow. The inner bank was composed of 24 modules. The
fuel-shifting sector rig was therefore designed to fit approximately within a 15° sector. However,
for expediency of hardware design and fabrication, both modulesin the fuel-shifting sector rigwere
designed and fabricated to be the same size modul e with the same effective flow area. The represen-
tation of behavior associated with a 60/40 OD/ID split of airflow between banks as envisioned for
the product combustor concept was simul ated through wei ghting of sampling portsinthe emissions-
sampling system.

The fuel shifting sector rig combustor configuration, shown in Figure 248, consisted of rich-zone
spool piece that housed two rich-quench modules oriented in a vertical configuration. Each rich-
guench modul e contained afuel injector device, igniter, and convol uted rich-zoneliner with quench
plate that formed the rich combustor and the rapid-quench process of the RSQ technology. Both
modules were aft mounted on a water-cooled bulkhead, and exhaust gases were dumped into a
common exit transition zone with cast ceramic combustor liners contained within the lean-zone
spool piece.

The rich-quench modules were mounted in parallel in an over-and-under, vertical configuration
similar to the engine concept. The upper modulewas designated as Module 1, or the outer-diameter
(OD) combustor. The lower module was designated as Module 2 or D combustor. Each combustor
module, as shown in Figures 249 and 250, consisted of awater-cooled, rich zone bulkhead with a
fuel-injection devicemounted to the bulkhead to allow the appropriate quantity of air, approximately
23% of total combustor air, to enter the rich zone. Thisfuel-injection device is described in further
detail in the following paragraphs. An igniter was also positioned to protrude slightly through the
rich-zone bulkhead to deliver aspark to therich zone of the combustor. Therich-quench modulealso
consisted of a convoluted rich-zone liner, nose piece, and quench plate, aso discussed in the
following paragraphs. The module assemblies were suspended inside a tubular shroud.

The fuel injector employed for the fuel-shifting sector rig combustion tests with the RSQ convo-
|uted-liner/quench-plate configuration was aradia in-flow swirler that passed all of the rich-zone
airflow. Fuel wasinjected through aradial jet injector. The configuration consists of radial in-flow
swirlers with air introduced through inner and outer passages. Each of these passages contained
tangential slotsthrough which air wasadmitted, imparting acorotating swirl totheflow. A centrally
mounted fuel injector delivered fuel through radial jets.

Therich-guench module also consisted of arich-zoneliner. Theliner wascylindrical witha5-inID
towards the front end of the rich zone. The leading edge of the liner necked down to accept the
rich-zone bulkhead. Astherich-zoneflow field progressestowardsthe quench plane, theliner shape
is convoluted to divide the rich-zone flow into four channels in preparation for injection of the
qguench air. All four channelsare 0.5 inchesin height. The rich-zone liner was convectively cooled
with quench air. Towardsthe aft end of the rich-zone section, the convective cooling air was guided,
such that the air maintained contact with the rich-zone liner, through the use of a“nose piece’ that
acts as an aerodynamic guide so that the convective air maintains velocity and, hence, cooling
effectiveness asit is channeled into the convoluted regions. The liner/nose-piece assemblies were
suspended inside atubular shroud that forced the quench air across the upstream cylindrical surface
of therich liner for convective cooling of that region.
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Figure 250. Exploded View of Rich-Quench Module Assembly
(Bulkhead Subassembly Not Shown)

Beyond directing the cooling/quench air along the back-side surface of the convoluted liner, the
“nosepiece” alsodistributed thequench air to thedownstream edge of theliner. Thereit wasinjected
into therich-zone gasfrom small orificesin atoothed quench plateto producethe RSQ mixing. This
guench plate had been developed and optimized under a related task. The resultant, optimized
geometry, known as quench plate No. 15, was used in thiscombustion rig. The quench orificeswere
sized to control the pressure drop and, in combination with therich-zone swirler effectiveflow area,
provide the appropriate quantity of quench air to maintain the desired split of approximately 23%
air into thefront end of the combustor. The width of each dlot varied throughout the channel lengths
and was determined by the previous effort to provide optimum mixing for minimizing NOx emis-
sions. The guench channelsin the quench plate were designed to the same dimensions asthe exhaust
of the convoluted rich-zone liner. Additionally, a small fraction of the quench air (4% of total
combustor air) wasbled through small effusion holes, on thedownstream face of the plate, ascooling
air for the aft face of the quench plate.

The reacting gas entered a lean combustion zone after passing through the modules. For the fuel-
shifting sector rig, this zone represented a sector portion of this annular-exit transition zone. A
castable liner of a commercially available ceramic was molded inside this piece to provide the
flowpath surfaces. The exit transition zone was sized to accept the effluent from the modules
entering this exit transition zone. From there, the flowfield was contracted on both the inner and
outer (top and bottom) surfaces of this exit transition zone, progressing towards the combustor exit
plane. The sidewalls of the exit transition zone were nonconvergent as the flow progressed axially,
representing a sector of the annular exit transition zone.

Emissionstesting for the RSQ convol uted-liner/quench-plate combustor wasfocused on conditions
taken from the HSR/CPC Program Coordination Memo GE97-002—C, summarized in Table 30
(page 166), with the primary intent of assessing airport-vicinity emissionsin support of the combus-
tor downselect and for evaluation of fuel-shifting benefits.
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A seriesof testswith the RSQ convoluted-liner/quench-plate combustor as a plenum-fed configura-
tion began asBuild 2 on January 16, 1998 with lean-blowout testsand continued with emissionstests
through February 10, 1998. A seriesof testswith the RSQ convol uted-liner/quench-plate combustor
inadiffuser-fed configuration began as Build 2aon March 10, 1998 and completed testing on April
7, 1998.

The subsonic cruise operating condition was tested at the specified inlet pressure and temperature
and various fuel/air ratios for the plenum-fed configuration (Build 2). Tests were conducted in the
uniform and fuel-shifted modes. All the emissions and performance goals were satisfied at this
condition. TheNOx datafor both the uniform and fuel—shifted modesareplotted in Figure251. Both
modes produced NOx emissions bel ow the 10 EINOx goal. The uniform mode produced the lowest
NOx at about 3 El. Inthefuel-shifted mode, NOx decreased asthe amount of fuel shifting increased.
Figure 252 shows that the combustor efficiency at subsonic cruise was above the goal of 99.0% in
uniform and fuel shifted modes.

The 34% thrust LTO (approach) condition was tested at the specified inlet temperature, inlet pres-
sure, and arangeof fuel/air ratiosin uniform, nonshifted aswell asfuel-shifted modesincluding both
ID-rich and OD-rich modes for the plenum-fed configuration, Build 2. Emissions and efficiency
dataat the 34% thrust LTO condition are shownin Figures 253 and 254. A uniform equivalenceratio
between the ID and OD banks produced lower NOx emissions than fuel-shifted cases at fuel/air
ratios above 0.020. Thisis similar behavior to that observed for the subsonic cruise conditions and
Is expected since both conditions are fairly close in inlet temperature, pressure, and fuel/air ratio.

Combustor efficiency also improved with fuel shifting.
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Figure 251. NOx Emissions at Nominal Subsonic Cruise for Fuel-Shifting Rig Build 2
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Figure 252. Efficiency at Nominal Subsonic Cruise for Fuel-Shifting Rig Build 2

RSQ Convoluted-Liner/Quench-Plate No.15
Radial In-Flow Swirler
T3 = 588°F, P3 = 134 psia, AP/P(Pgome—>P4) = 4.5%

16 \ \ \
® Both Banks Uniform
14 ! ® & D Rich; OD Lean
34% Thrust LTO (Approach) © ID Lean; OD Rich
(5% Cooling)
12 ‘
Control Logic Operational Value
% 10
>
S 35%
o % 0
% 8 35% zm
~ 0% OC \
X
O ¢ . A .
pd % Shifted a4 % Shifted
w . MR \
4 / 4 AAA * o 8] o 60% °
60% a8 ® a o0 o o ?
[ ]
2
0

0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028 0.030 0.032
Set Point f/a

Figure 253. NOx Emissions at 34% Thrust LTO Condition for Fuel-Shifting Rig Build 2
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Figure 254. Efficiency at 34% Thrust LTO Condition for Fuel-Shifting Rig Build 2

Engine control logic would dictate that, at thispower level (inlet temperature and fuel/air ratio), the
combustor should be operated in a mode 30% fuel shifted with arich OD module. Interpolating/
extrapolating the acquired datafor thisfuel-shifting scenario led to NOx and CO emissions of 8 and
12 El, respectively, and efficiency of about 99.7%.

Theturbineinlet temperature profilefactor was assessed with fuel -shifting operation. The maximum
radial profile factor is plotted as afunction of percent fuel shifted in Figure 255. The profile factor
would belD or OD peaked commensurate with shifting towards I D-rich or OD-rich configurations,
respectively. A profilefactor of lessthan 0.2 was predicted at the operating point determined by the
engine control logic for this condition. Figure 256 shows the profile factor as afunction of percent
radial spanfor the OD-rich casesand the estimated cycle operating condition for thiscombustor. The
profile curves decreased in magnitude with decreased fuel shifting, as expected.

The 15% thrust LTO (descent) condition was tested at the specified inlet pressure and temperature
and a range of overall fuel/air ratios for the plenum-fed configuration. Data were acquired for
uniform and fuel-shifted modes. The emissions and efficiency data at this condition are shown
Figures 257 and 258. NOx emissions levels were highest in the uniform mode and decreased with
increased fuel shifting, as would be expected since at the overall fuel/air ratio of 0.015 the module
front ends are operating near stoichiometric equivalence ratios and would produce significant
guantitiesof NOx giventherelatively long residencetimesassociated withthefront end“rich” zones
of an RQL combustor.

Fuel shifting improved efficiency, but there was no obvious trend as a function of percent fuel
shifting. The maximum radial temperature profile factor is plotted in Figure 259 as a function of
percent shifted. The profilefactor became more severewith increased fuel shifting, asexpected. The
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Figure 255. Maximum Temperature Profile Factor at 34% Thrust LTO Condition for
Fuel-Shifting Sector Rig Build 2
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Figure 257. NOx Emissions at 15% Thrust LTO Condition for Fuel-Shifting Rig Build 2
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Figure 258. Efficiency at 15% Thrust LTO Condition for Fuel-Shifting Rig Build 2
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Figure 259. Maximum Temperature Profile Factor at 15% Thrust LTO Condition for
Fuel-Shifting Rig Build 2

operating value of the maximum radial profilefactor determined using engine control logic wasjust
over 0.4, ID peaked. Figure 260 shows the profile factor as a function of percent radial span for
various fuel shifting configurations at this condition including a uniform configuration that high-
lightsthedifferent behavior between auniform and fuel shifted configuration. The profilefactor was
peaked at the ID and steadily decreased to the OD.

A single-passage, shallow-angle diffuser wasinstalled in the fuel-shifting rig to provide arepresen-
tative full-scale flowfield and eval uate effects on emissions. Thisrig build was designated as Build
2a. No attempt was made to induce any inlet profiling since the purpose of these test was to
investigatetheimpact of adiffuser flowfield on an RQL with reduced-scal e quench, and proper flow
expansion from the prediffuser through the dump region was model ed with thisflat profile diffuser.
The tests of the 34% thrust LTO (approach) condition were repeated to determine diffuser effects
on emissions and performance. Similar fuel/air ratio excursions and some fuel shifting conditions
were repeated to assessthe effects of adiffuser-fed flowfield on emissions behavior. Thiscondition
was chosen becauseit is expected that it would be fuel shifted in engine operation. The diffuser did
not have a strong impact on the emissions, efficiency, or exit profiles of the combustor. The NOx
emissions for the diffuser-fed combustor are plotted along with the plenum fed configuration in
Figure 261. The efficiency is shown in Figure 262, and the temperature profile factors are shown
in Figure 263. Data comparisons from all these figures shows that the diffuser-fed flow field had
minimal impact on emissions and performance for this combustor configuration.

Based on all of the dataacquired during thistest program, airport-vicinity emissionswere estimated
for this RSQ convoluted-liner/quench-plate combustor configuration with fuel-shifting control
technology. Since the facility was limited in inlet temperature and pressure, data for the climb
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Figure 260. Temperature Profile Factor Over Radial Span at 15% Thrust LTO Condition for
Fuel-Shifting Rig Build 2
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Figure 261. NOx Emissions at 34% Thrust LTO Condition for Fuel-Shifting Rig Build 2a
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condition were based on extrapol ating resultsfrom 150 psiato 212 psia. Takeoff datawere acquired
at derated, reduced pressure of 150 psia from the integrated module rig testing of a single module
of identical configuration and scaled accordingly to the cycle operating pressure. The results of
estimates for integrated landing/takeoff cycle airport vicinity emissions are listed in Table 31.

Table 31. Integrated LTO Airport-Vicinity Emission

Operating Weighting EINOXx EICO EIHC Efficiency Max. Profile

Condition Factor Factor
Idle 0.305 35 49.5 0.80 98.76% -
Descent 0.029 3.3 31.0 0.10 99.26% 0.45
Approach 0.109 7.5 12.1 0.01 99.71% 0.15
Climb 0.179 3.8 15 0.01 99.96% -
Takeoff 0.183 12.3 6.2 0.10 99.84% -
Integrated LTO 4.9 18.7 0.3
Goal <5.0 <7.8 <1.0

Lean-blowout (LBO) test data from the RSQ RQL combustor, are shown in Figure 264. The inlet
temperature was varied from 300°F to 800°F while the inlet pressure was varied along a simulated
sea level operating line. At the 800°F condition, inlet pressures were limited by the facility to 150
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Figure 264. Lean-Blowout Equivalence Ratio as a Function of Temperature and Pressure
for Fuel-Shifting Rig Build 2
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psia. In addition LBO was assessed at 75 psia at the 650°F condition to evaluate operability at the
subsonic cruise condition. In each case, the front-end equivalenceratio was stabilized at ¢ = 0.5 and
then reduced until LBO was observed.

From about 400°F and below, LBO occurred around ¢ = 0.3. Above thistemperature, LBO was not
observed within the range that the fuel control was able to adequately control the fuel flow or the
fuel flow meters could reliable measure. Instead, a distinct change in the flame structure was
observed. This occurred, in most cases, between ¢ = 0.2 and 0.3. At T3 = 800°F and P3 = 150 psia,
there was no change in flame structure observed over the entire range of ¢ tested.

4.5.4 Ceramic-Matrix Composite Sector
4.5.4.1 Summary

The objective of thiswork wasto test ceramic-matrix composite (CMC) liner materialsinan HSCT
combustor. The combustor requirementsincluded subjectingthe CMClinersto at | east three diverse
inlet temperatures, inlet pressures, and flame temperatures as well as a fuel-flow transient in a
supersonic cruise condition for at least 50 hours. An RQL combustor operated in anominal HSCT
flight cycle was selected for this task. The combustor met and exceeded all of the requirements.
CMC liners throughout the combustor were exposed to more than three different operating condi-
tions and fuel flow transients for at least 60 hours. Some parts saw well over 100 hours.

During the tests, CMC liner failuresincluded the primary-zone module liners and |ean-transition-
zone Miller fasteners. Also, deterioration of the heat shield became substantial after 100 hours of
operation. These problems were corrected as they occurred or were under investigation at this
writing.

4.5.4.2 Combustor Design

The CMC RQL combustor sector was designed and developed by Pratt & Whitney. Figure 265
shows a cross section of the combustor. The combustor comprised four main elements: avariable-
geometry fuel nozzle, aprimary combustion module, aquench/transition zone, and alean zone. The
elements will be briefly discussed here. Subsections 4.2.2 through 4.3.2 contain more detailed
discussions of RQL combustion.

The CMC rigwasa60° sector with two primary zone combustion modules. Pictures of therig are
shown in Figures 266 and 267. A variable-geometry triswirler aerating fuel nozzle controlled the
airflow intothecylindrical/conical primary zonemodules. A stable equivalenceratio that minimized
NOx emissions and maximized efficiency was maintained in this zone. The module liner wasfixed
on the downstream end and held in place on the upstream end by a spring. The spring compensated
for differences in thermal growth between the cooler metal and hotter CMC materials. Wall jetsin
the quench zone mixed air with the gasses exiting the primary zone. The quenched gasses then
passed through a cylindrical transition zone and entered the lean zone where combustion was
completed.

The lean zone was an annular sector that incorporated various cooling techniques to test the CMC
materials in a variety of applications. The lean-zone shell was made entirely of metal. Three im-
pingement-cooled panels were mounted on the bulkhead, and six convection-cooled floatwall
panelscovered theinner diameter. The outer diameter had three off set impingement baffles and two
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Figure 265. CMC Sector Cross Section

Figure 266. CMC Sector Hardware Mounted on Instrumentation Flange
(Variable-Geometry Fuel Nozzle Not Installed)
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Figure 267. CMC Sector Hardware — View of Lean Zone

half-baffles on either side of the sector with heat shields. The sector sidewalls had single impinge-
ment/effusion-cooled panels. Pictures of the various types of CMC liners and their locationsin the
combustor are shown in Figure 268.

4.5.4.3 Combustor Operation

In general, the CMC combustor sector maintains a constant rich equivalence ratio in the primary
zone over the entire HSCT power cycle. This equivalence ratio was established during preliminary
tests to minimize emissions and maximize efficiency. Primary zone liner temperatures were also
considered.

At some low-power conditions (subsonic cruise and descent), the equivalence ratio inside the
primary combustion zone was lean. Maintaining rich equival ence ratios well above stoichiometric
would not be practical at the corresponding low fuel flows. Neverthel ess, thefuel nozzle maintained
a stable flame under lean conditions, and stoichiometric combustion was avoided.

45.4.4 Test Plan

Thecyclewasamodified version of theHSCT operating cycle. Initial testsused metal linersto allow
shakedown teststo be completed without risk of damageto the CM C liners. Adjustmentswere made
during these tests to meet the specific task requirements. The test plan is shown in Table 32.
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Figure 268. CMC Liners and Locations in Sector
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45.4.5 Results
CMC Sector Performance

The metal liners were replaced with CMC liners upon completion of the shakedown tests. The
combustor was operated over the entire HSCT flight cycle repeatedly, until the desired number of
hours was achieved. To maximize use of available facility time, the supersonic cruise and transient
conditions were repeated within the cycle. A typical cycleis shown in Figure 269.

Primary-Zone Module Liner Cracking

The primary-zone module CMC linersfailed after eight hours of testing. Pictures of the two liners
areshownin Figures 270 and 271. Thefailure was observed during a borescope inspection between
tests. Analysis of the data did not reveal the moment of failure. Possible causesfor the cracks were
proposed, and tests were conducted on the liners. It was determined that the upstream spring that
holdstheliner in place was compressed beyond the intended range. The resulting high circumferen-
tial stressesin the liner caused the CMC material to separate along the splice joints.

During the investigation period, metal module liners were used to allow testing to continue on the
other CMC liners. At the conclusion of the investigation, the springs were modified and installed
into the combustor, along with new CMC module liners, and testing continued.

After over 60 hours of operation on the new module liners, cracks were observed during aroutine
ingpection. Pictures of the second set of failed liners are shown in Figures 272 and 273. The cause
for the cracks was being investigated at the time of thiswriting. During the investigation, athird set
of CMC liners was installed into the combustor sector to allow testing to continue.

Miller Fastener Failure

A transition-zone liner was found liberated after 106 hours of operation. It was observed that both
Miller fasteners holding the panel in had failed. These partsare pictured in Figure 274. Upon closer
inspection, other Miller fastenersin the lean transition zone were found cracked. It was suspected
that these fasteners were installed improperly. The broken fasteners were replaced, and no other
Miller fastener failures occurred during the tests.

Fuel Nozzle Heat Shield Deterioration

At thetimethe second set of primary-zone module linerswere found cracked, significant deteriora-
tion of fuel nozzle heat shieldswas observed. A picture of aheat shield after 100 hours of operation
isshown in Figure 275. Two fuel nozzleswere modified to increase heat shield cooling airflow and
extend the life. These wereinstalled in therig to begin testing on the third set of module liners.

45.4.6 Discussion

The CMC combustor sector provides the necessary environment to test CMC liner materials. It
subjects materials to both rich and lean conditions over a wide range of inlet temperatures, inlet
pressures, and flame temperatures. The variable-geometry capability gives the investigator the
power to sel ect the environment the material sare exposed to. The sector hasal so been proven rugged
enough to test materials over along period of time despite liner failures. The exception to thiswas
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Figure 269. Typical HSCT CMC Sector Cycle

Figure 270. First Primary-Zone Module Liner
Failure (Control Room Side)

NASA/CR—2005-213584/VOL2 210



Figure 271. First Primary-Zone Liner Failure (Parking Lot Side)

Crack Path

Nozzle Debris

Figure 272. Second Primary-Zone Liner Failure (Conrol Room Side)
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Figure 274. Liberated Lean Transition Zone
Heat Shield and Miller Fasteners
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Parking Lot Side, Old Nozzle

Figure 275. Deterioration of Variable-Geometry Fuel Nozzle Heat Shield

the heat shields of the variable-geometry nozzles. It is expected that thisflaw can be corrected with
only minor changes to the hardware.

4.6 Lean Downselects

Two primary downsel ectswere required to reduce the three fundamental conceptsdownto one. The
first wasto decide between the use of alean direct-injection system or alean premixed/prevaporized
system. Once the L PP system was chosen, a choice had to be made between a stepped-dome and a
multistageradial/axial layout. The MRA concept waseventually chosen for full-scal e devel opment.

4.6.1 LDI/LPP Downselect

Theprimary criteriaused inthe L DI/L PP downsel ect were supersonic cruise NOx and autoignition/
flashback. Although considered, low-power emissions were given less weight since the primary
function of themain domefuel/air mixerswasto providelow emissionsat moderate and high power;
the cyclone pilot emissionstend to dominate at |ow power. Supersonic cruise NOx was the primary
driver of most development early in the program. The advances necessary to meet the stringent 5
El target at such severe conditionswere considered to be huge hurdlesto clear beforean enginecould
ever becommercialized. Thus, significant emphasi swas placed on thisrequirement, not only for the
LDI/LPP downselect, but for all others as well.

Thelowest supersonic cruise EINOx inan LDI system was projected to beinthe5to 7 range (Build
4 of the LDI rectangular sector). There were two concerns with this projection. First, since testing
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was not performed at actual supersonic cruise operating conditions, the 57 El estimate was not at
all certain (and still may not meet the requirement). Second, because the dome contained only LDI
mixers (no cyclone pilots were used), the low-power efficiency was relatively poor. Although not
the primary consideration, it wasfelt that improvements to low-power operation without acyclone
pilot would have been extremely difficult. The multiventuri/cyclone combination provided better
low-power operation but was expected to produce supersonic cruise EINOx in the 8 to 10 range,
which was unacceptably high.

In contrast, the lowest supersonic cruise EINOx from an LPP system wasright at 5, in the stepped-
dome, segmented-liner sector. (At the time of this particular downselect, the moderately mixed
MRA had not been tested; it eventually demonstrated 3.8 El.) Although no margin was available,
the datahad at | east been acquired at the nominal conditions, unlikethe L DI numbers— whichwere
extrapolated. This provided significantly more confidence that the 5 EINOX requirements at super-
sonic cruise could actually be met using an LPP system.

Table is an additional point of comparison used in the downselect. It directly compares NOx
emissions over a range of operating conditions for two nearly identical sectors. the three-cup
multiventuri/cyclone LDI sector (Build 1) and the three-cup IMFH/cyclone L PP Sector. The LPP
sector consistently demonstrated lower NOX, further support for the selection of an LPP system.

Table 33. LDI/LPP Downselect Emissions Comparison (Three-Cup Rectangular Sectors)

Test Conditions El NOx (g/kg Fuel)
T3 (°F) P3 (psia) Ttiame (°R) LDI Multiventuri/Cyclone | IMFH/Cyclone
590 82 3500 2 1
879 211 3500 6 5
962 119 3500 7 35
1050 132 3500 8 2

Autoignition and flashback were of primary concern in the LPP designs. Although considered, the
LDI systems tend to have short enough residence times that autoignition does not come into play.
One advantage of the LPP IMFH designsisthat they providelonger residencetimes, allowing more
timefor prevaporization and premixing but pushing up against the autoignition limits. Additionally,
thelack of small, flame-arresting featuresin the IMFH tubes made flashback a concern. The IMFH
blockage test and stepped—-dome transient sector test successfully demonstrated that the IMFH
designs were highly resistant to both autoignition and flashback events. The transient sector in fact
induced reverse flow of combusting gases through the IMFH tubes, which quickly cleared without
damaging the hardware as the flow returned to normal. Additionally, of the hundreds of hours of
IMFH testing that had been done, both in single—cup flametube tests and sector tests, not asingle
autoignition or flashback event had been recorded.

In addition to emissions and autoignition considerations, mechanical concerns had to be addressed.
The primary concern was how to package the LDI mixersinto the main dome. Thiswas especially
truefor an LDI systemusing radial swirlers, athough spacelimitationswere even making thosewith
an axia swirler difficult to locate. On the other hand, the IMFH tubes could effectively be smaller
indiameter and still providethe sameflow areaasalarger diameter LDI mixer. Thismitigated some
of the packaging concerns and was additional impetus for an L PP system.
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The significant resistance to autoignition and flashback, low supersonic cruise NOX, superior pack-
aging feasibility, and thefact that more devel opment had been done on the L PP system subcompon-
ents (corresponding to a higher overall confidence level) led to the selection of LPP over LDI for
further devel opment.

4.6.2 LPP Stepped-Dome/MRA Downselect

Emissions, exit profiles, and manufacturability werethe key inputsto the L PP stepped-dome/MRA
downselect. Because both concepts used the same basic components (cyclone pilots and IMFH
tubes), the trick was to determine which arrangement was best.

The downselect criteria described in Section 4.1 were used as guides in making the selection. Both
designs clearly had great potential, as shown in Table 34. The primary concern with the stepped-
dome design was ability to meet LTO cycle emissionsrequirements. In both designs, some concern
existed over exit profiles.

Table 34. LPP Stepped-Dome/MRA Downselect Status Summary

Combustor Downselect Criteria LPP SD LPP MRA
Emissions and Supersonic Cruise NOx Y Y
Performance Combustion Efficiency Y Y

Subsonic Cruise NOx Y (N)

Combustion Efficiency (N) Y

Airport Vicinity LTO Emissions N Y

Particulates ? Y

Transient Stability (Autoignition, Flashbacks) Y Y

Combustor Blowout Margin Y Y

? ?

Altitude Relight 7
Profile and Pattern Factor (N) (N)
Combustor Overall Pressure Loss
Fuel System Coking

Compressor Distortion

Product Viability | Safety

Complexity

Combustor Dynamics

Controls Stability

Maintainability

Component Life

Reliability

Initial Cost and Producibility

Size and Weight

Repairability X

Y (Yes) = Criteria Met, N (No) = Criteria Have Not Been Met, ? = Unknown/No Data,
X = Not Addressed or Expected to be the Same for Both Designs
(N) = Criteria Not Demonstrated But Should be Able to Overcome (Such as by Different Fuel Staging)

<|[<|IX|<| X[ X[V X|X[v]vVv]|<

X << X|<[X[X]|V]|X[X]|v]v]|<
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Emissionsat all power levelswere considered. Ground idle CO and combustion efficiency, subsonic
cruise NOx and combustion efficiency, and supersonic cruise NOx and combustion efficiency were
thefocal points. Subsonic cruise datawere given lessweight because changesto thefuel staging (the
number of fuel stages and staging points) could be made to improve emissions at thisintermediate
point. Emissions are summarized in Table 35. Note that the subsonic cruise data are strongly
impacted by the fuel-staging mode sel ected and must be discounted. Although emissions from the
stepped-dome designs were quite good at high power, low-power emissions and combustion effi-
ciencies suffered. The MRA concept consistently produced much lower emissions and higher
combustion efficiencies than the stepped-dome configurations.

Table 35. LPP Stepped-Dome/MRA Downselect Emissions Comparison

Comparison Parameter Stepped Dome Moderately
Lamilloy Liners Segmented Liners Mixed MRA

Ground EICO (g/kg Fuel) 50 36 20
Idle Combustion Efficiency 89.50% 94.23% 99.40%
Subsonic | EINOx (g/kg Fuel) 32 15 14
Cruise* [ combustion Efficiency 99.40% 90.59% 99.60%
Superson- | EINOx (g/kg Fuel) 4.5 4.7 3.8
ic Cruise  ['compustion Efficiency 99.97% 99.97% 99.98%
* Subsonic cruise values are dependent on fuel staging; alternate staging could alter these values.

Exit profiles were of primary concern in the MRA configuration. The pilots in the stepped-dome
concepts were located in the center dome. Thus, at low power, exit profiles were generally center-
peaked. Asfuel wasintroduced into the M FH tubesin theinner and outer domes, the profileswould
become dlightly inner- or outer-peaked, depending on the staging preference. The profiles would
become flat when all the stages were fired.

In contrast, the pilotsin the MRA concept werelocated at the top edge of the main dome. Although
they weredirected radially inward, exit profilesat |ow power were outer-peaked. To increase powe,
the IMFH tubes were fueled beginning with the outer tubes and moving radially inward. Thus, the
exit profiles remained outer-peaked until all the tubeswere fired, at which timethe profile wasflat.

The outer-peaked profiles were aconcern because they generally result in reduced turbine efficien-
cy. Circumferential staging considered as a way of flattening the outer-peaked profiles. It was
successfully tested in the MRA curved sector and shown to have minimal impact on emissions.
Circumferential staging had no impact on ground idle profiles, which remained strongly outer-
peaked because only the cyclonepilot werefired. Similarly, fully fired profileswere unchanged (sea
level takeoff, supersonic cruise). Circumferential staging appeared to be aviable method of improv-
ing combustor exit profiles without significantly impacting emissions.

Manufacturability was a concern with both concepts. The stepped dome was fairly complex and
would have been difficult to manufacture. More importantly, cooling was aprimary concern, asthe
step used to isolate the pilot and improve low-power emissions produced a very high heat |oad on
the inner and outer surfaces of the outer and inner domes, respectively. Although a flat “stepped
dome” sector was tested, low-power emissions suffered significantly, and the concept was not
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pursued. Finally, the development of aremovable fuel nozzle for such a concept was highly com-
plex. Because the nozzle would have to contain injectors for the IMFH tubes as well as a cyclone
injector/centerbody combination, it would have been expensive and excessively large and heavy.
Becausethe IMFH domeswere aft relative to the pilots, the IMFH fuel injectorswould haveto have
been long appendages attached to the nozzle. Thus, the case hole required to remove the nozzle
would have to have been tremendously long, adding length (and therefore weight) to the overall
engineand potentially weakening the caseitself. The MRA concept had the advantage of aflat main
dome and a separate pilot. This allowed each to have a fuel nozzle, each of which was a simpler
design than required for the stepped dome. The flat dome was also less costly to produce and much
easier to cool.

Although both were relatively complex systems, the MRA design had several inherent advantages
over the stepped dome. It was somewhat easier to produce and effectively cool, providing advan-
tages in manufacturability, reliability, cost, and weight. The reduction in supersonic cruise EINOx
from 5for the stepped dometo 3.8 for the MRA wasasignificant driver in the selection of the MRA.
Although a concern, it was felt that the MRA exit profiles could be improved through various
combinations of circumferential staging. Based on thisinformation, the MRA concept was selected
for further development.

4.7 LPP/RQL Combustor Downselect

For thefinal LPP/RQL downsel ect, each team wasto proposeacombustor designfor useinan HSCT
engine. The designs had to demonstrate the ability to meet a prespecified set of criteria using test
data, analyses, assessments, and current product experience. Up to this point, the two primary
concepts remaining under development were the lean premixed/prevaporized MRA and the rich/
guench/lean, dual-annular, reduced-scale, quench vane designs. After a period of comprehensive
design, development, and testing efforts, it was time to reduce the options down to one primary
concept.

4.7.1 Criteria

An extensive list of criteriawas used in making the downselect decision. These were presented in
Section 4.1, but are repeated here in Table 36 for convenience. The criteria had been created very
early in the program and had been the drivers of the development efforts for all of the concepts
considered along the way. Emissions were clearly given significant consideration, with supersonic
cruise NOx being the focal point of much of the development effort.

4.7.2 Process

Both concepts were to be evaluated against the criteriain Table 36. Industry participants presented
detailed information regarding the position of thedesignsrel ativeto the criteria. Test data, analytical
predictions and comparisons, thermal and stress evaluations of the component designs, potential
risks, and final recommendations were presented. Members of NASA, industry participants, and
other expertsin thefield were represented at the review. Final selection wasthen made based on the
recommendations of this panel.
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Table 36. Combustor Downselect Criteria

Combustor Downselect Criteria Requirement
Emissions Supersonic Cruise [ NOx <5 El (g/kg Fuel)
and Combustion Efficiency > 99.9%
Performance
Subsonic Cruise NOx < 10 ElI (Typical Subsonic Aircraft)
Combustion Efficiency > 99% (Typical Subsonic Aircraft)
Airport Vicinity NOx (Supersonic*) < 5 Ibm/klbm—°F-hr
(Lf{‘g;nggilé?gfs co (Supersonic'*) < 7.8 Ibm/klbm—°F—hr
UHC (Supersonic*) <1 Ibm/klbm—°F=hr
NOXx (Subsonic**) <64.3 g/kN
CO (Subsonic**) <118 g/kN
UHC (Subsonic**) <19.6 g/kN
Particulates per cm3 of Exhaust Gas < 107 (Typical Subsonic Aircraft)
Transient Stability (Autoignition, Flashbacks)
Combustor Blowout Margin > 0.1 Equivalence Ratio Units
Altitude Relight
Profile and Pattern Factor <5%
Combustor Overall Pressure Loss
Fuel System Coking
Compressor Distortion
Product Safety
Viability Complexity
Combustor Dynamics
Controls Stability
Maintainability
Component Life
Reliability
Initial Cost and Producibility
Size and Weight
Repairability
4.7.3 Results

The results were presented at NASA—Glenn in April and May 1998. Unfortunately, although the
RQL concept was anticipated to meet all product viability requirements, at the time of the downse-
lect the RQL combustor was still struggling to meet emissions targets. This effectively limited
participation inthedownsel ect to the L PP design. Management teams deci ded that the M RA concept
would be selected, barring any technological “show stoppers’ (items that could halt the eventual
development of a commercially viable product), as determined by the reviewing team members.)

Cross sections of the proposed MRA design are presented in Figures 276 through 280. Essentially,
itisafull-scale version of the moderately mixed MRA concept described previously, modified to
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meet geometric sizerequirementsand reflect advances made during full-scal e subcomponent devel -
opment. A new diffuser design and lighter, simpler fuel nozzles are evident.

M odifications were made to convert from Y2-in IMFH tubes with asingle-port stinger fuel injector
to 1-in tubes with four-port stingers. Thiswas significant, since 1200 Y2-in IMFH tubes would have
been required in the full-scale engine. One-inch tubes reduced this number to a more manageable
300. Thirty cyclone pilots were used, the chosen design being based on full-scale subcomponent
results.

To meet mechanical needs, and because of the improved cooling effectiveness, segmented inner
linerswere used. The outer liner was segmented circumferentially (for mechanical reasons) but not
axially because of concerns over the potential impact on low-power emissions (the impact of the
inner liners on low power emissions was not a concern since the inner IMFH tubes were already
unfired at these conditions.

Table 37 isasummary of the criteriaand the associated resultsfor the MRA concept. It was clearly
quite successful in meeting the requirements set forth in the contract. Most of the emissions and
performance categories had been demonstrated using actual sector results, while those in the prod-
uct-viability group relied more on assessments and analytical results. Several categories (“Blue”)
have not been specifically demonstrated but were not antici pated to present any significant obstacles
to eventual completion. It isexpected that these could be met with relatively straightforward design
and development efforts. No categories were classified as having the potential to end the program
(“Red”), and only one— Combustor Dynamics — was classified as needing significant additional
work (“Yellow™).

In the end, the LPP MRA concept was selected as the primary configuration for the HSCT engine.
Although all criteriawere considered, three primary factors led to selection of the MRA.

e First, supersonic cruise NOx emissions were well below contract requirements
for the MRA combustor (3.8 El versus a 5 El target). Although additional
development had the potential for improvements, the RQL concept was unable
todemonstratetarget level sat that time. Thiswasof great significance, sincehigh
supersonic cruise EINOx levels were considered a threat to the continuation of
the program.

e Second, no “show stoppers’ were identified with the MRA design. Thus,
although certain criteria had not specifically been physically demonstrated in
subcomponent or sector evaluations, it was determined that these items did not
involve significant advances beyond current capabilities and could be imple-
mented in the future without undue additional cost and time. The only areathat
needed additional work of any significance was combustor dynamics.

e Finally, because the LPP design appeared to be in more advanced stages of
development, it was considered to be somewhat lower risk. The RQL design was
to be retained as a backup should significant problems appear during
development of the full-scale MRA combustor. Overall, reviewers seemed to be
pleased with the progression of the concept and considered the combustor
development to that point to be quite successful.
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Table 37. Combustor Downselect Criteria

LPP Combustor Downselect Criteria Status Method
Emissions Supersonic Cruise [ NOx Flametube and Sector Test Data,
and Combustion Efficiency Analysis
Performance
Subsonic Cruise* | NOx
Combustion Efficiency
Airport Vicinity LTO Emissions
Particulates Sector Test Data
Transient Stability (Autoignition, Flashbacks) Transient Sector Test Data
Combustor Blowout Margin Flametube and Sector Test Data
Altitude Relight Sector Test Data, Analysis
Profile and Pattern Factor
Combustor Overall Pressure Loss Analysis
Fuel System Coking
Compressor Distortion
Product Safety
Viability Complexity Assessment
Combustor Dynamics Product Experience
Controls Stability Test Data, Analysis, Experience
Maintainability Assessment
Component Life Analysis
Reliability
Initial Cost and Producibility
Size and Weight
Repairability Assessment
* Subsonic cruise NOx and combustion-efficiency status were Blue at the downselect of the MRA
sector; additional sector data later showed these criteria to be Green.
Green: Has met criteria.
Blue: Has not met criteria, but no significant obstacles envisioned.
:  Has not met criteria, and more development is needed to state confidently it could do so.
Red: Is not expected to meet criteria without appreciable unidentified additional work.

For reference, the basics of the proposed backup dual-annular, reduced-scale guench vane RQL
designareillustrated in Figures 281 through 283. It consists of 22 fuel nozzlesfeeding theinner and
outer rich zones. The quench zones contain 110 quench vanes in the outer annulus and 88 on the
inner. The inner and outer quench zones feed into the transition (Ilean) zone before exiting the
combustor. Thisdesign wasto be pursued if the L PP concept wereto hit any significant roadblocks
during final development.

Following downselect, full-scal e subcomponent devel opment continued onthe IMFH premixer and
cyclone pilot designs. Detailed design and fabrication of afull-scale MRA sector wasaso initiated.
Theremainder of thisreport focuses on thesefinal tasksand outlinesremaining program challenges.
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Figure 281. Full-Scale RQL Reduced-Scale Quench Vane Preliminary Design — Side View

Figure 282. Full-Scale RQL Reduced Scale Quench Vane Preliminary Design —
Rich Zone Bulkhead (End View, Aft Looking Forward)
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Figure 283. Full-Scale RQL Reduced-Scale Quench Vane Preliminary Design —
Quench Vanes (End View, Aft Looking Forward)

4.8 Postselection Subcomponent Development
4.8.1 IMFH Premixer Flametube Tests

The purpose of this work was to continue the development of the IMFH subcomponent started by
GEAE. Many areaswereidentified whereimprovementsin thelength, mixing, and flame-stabiliza-
tion characteristics of the combustor could be made. These areas included the fuel injection, dome
cooling air injection, injector aerodynamics, IMFH tube inlet aerodynamics, and IMFH tube spac-
ing. Investigations began in each of these areas; however, only variations in the dome cooling air
injection reached the test phase. The effects of changing the percent of dome cooling air to total
IMFH tube flow, momentum ratio, and number and angle of cooling injectors was investigated.
Cold-flow testswere conducted on astereol ythography model of thefull-scale, one-inch IMFH tube
assembly to determine cooling flow aerodynamics. Emissions tests were conducted with the IMFH
assembly used intheearlier GEAE tests. The overall emissionsfrom the baseline case matched well
with those measured previously. Tests on a second configuration were being conducted at the time
of thiswriting. Additional testswere needed to obtain conclusive results on cooling-flow injection.

4.8.1.1 Combustor Integrated Mixer/Flameholder

Thefull-scale, one-inch IMFH tube assembly used inthetestswas designed and fabricated by GEAE
(Figure 284). In brief, the most combustion air entered the upstream end of the tube and passed
around the fuel injectors. On the downstream end of the fuel injectors, fuel was injected crosswise
into the air stream and mixed with the air as it passed through the tube. A portion of the air was
diverted around the IMFH tube and impinged on the dome for cooling. The spent cooling air was
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Figure 284. Full-Scale, One-Inch IMFH Tube Assembly Cross Section

then injected into the mainstream at the downstream end of the tube. The fuel/air mixture wasthen
dumped into the combustion chamber where it was ignited and burned. Figure 285 is a picture of
the assembly.

Thework discussed herefocused on cooling-air injection. Theeffectsof the cooling air onemissions
and flame stabilization were not completely understood. Theory suggested that the mass and mo-
mentum ratios between the injected cooling air and the mainstream air and the diameter of the
injection holes would have strong influences on the mixing characteristics of the IMFH tubes.
Theory and experience also indicated that the addition of swirl to the flow would promote mixing
as well as increase flame stability. With these in mind, modifications were made to the full-scale
assembly cooling injector holes and impingement baffle to study these effects.

4.8.1.2 Test Plan

Hardware Matrix — The hardware matrix contained a 2 full-factorial-level eight array to allow a
Taguchi analysisto be conducted. Other hardware configurationsincluded in thismatrix isolated the
effects of the different factors (mass ratio, momentum ratio, number of holes, and swirl) or were
previously identified as possible candidates. The test matrix was built off a baseline configuration
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Figure 285. Full-Scale, One-Inch IMFH Tube Assembly Hardware

that was tested by GEAE and was found to have good characteristics. This configuration would
provide continuity between tests. Previously existing hardware and geometric constraints deter-
mined the magnitudes (levels) of the parameters for each of the other configurations. A computer
model was devel oped to help determine the geometry necessary to provide the desired aerodynam-
ics. Table 38 isthe final hardware matrix.

Test Matrix — The sametest matrix was used for each of the configurationsin the hardware matrix.
Thetest matrix attempted to recreate the range of operating conditionsthat would occur in atypical
HSCT cycle. Each of the nominal HSCT operating pointswould be tested. In addition, fuel/air ratio
excursionswould be conducted at subsonic cruise, 100% LTO, and supersonic cruise. Unfortunately,
thefacility and the absence of the pilot that would exist in an operating combustor limited the range
of the tests. The final test matrix is shown in Table 39.

4.8.1.3 Results

Cold-Flow Tests — Cold-flow tests were conducted at Pratt & Whitney Florida's Aerothermal
Design Lab to verify the computer model. Parts were first formed by stereolithography and flow
tested. Figure 286 comparesthe results of these testswith the computer model. Thetest resultswere
closeto predicted at low momentum ratio; however, at higher ratios, the predictionswereinaccurate.
Corrections were made to the model before fabricating the parts out of metal. The expected charac-
teristics of the parts used in the emissions tests are also shown in Figure 286.

It was suspected that the overall effective areaof the IMFH tube assembly would be affected by the
amount of air diverted for cooling. Although achangein overall effective areawould not negatively
affect emissions results, it would make design changes difficult in the L PP combustor. Figure 287
shows the percent baseline effective areaas afunction of percent cooling flow. The percent cooling
flow did not have a significant effect on total effective area.
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Table 38. Hardware Matrix

Cooling Characteristics
Configuration No. J % Split N a
1 0.6 17% 12 0 GE Reproduction
2 0.6 17% 12 30 Factor Isolation
3 0.6 17% 18 0
4 0.6 12% 12 0
5 0.8 17% 12 0
6 0.2 12% 8 0 GE PDR
7 0.6 17% 18 30 1/2 FF Level 8 Array
8 0.6 12% 12 30
9 0.6 12% 18 0
10 0.8 17% 12 30
11 0.8 17% 18 0
12 0.8 12% 12 0
13 0.8 12% 18 30
14 0.8 12% 8 0 Variation of GE PDR, Constant J
Table 39. Test Matrix
Test T3 P32 AP/P fla
Point Condition (°F) (psia) (IMFH) Comment
1 15% LTO 446 78 4.40% 0.0475 Nominal
2 34% LTO 588 131 4.40% 0.0425 Nominal
3 SubCr. 630 80 4.40% 0.0430 Nominal
4 SubCr. 630 80 4.40% 0.0400 f/la Excursion
5 SubCr. 630 80 4.40% 0.0450 fla Excursion
6 65% LTO 740 207 4.40% 0.0375 Nominal
7 100% LTO 919 293 4.40% 0.0350 Nominal
8 100% LTO 919 293 4.40% 0.0320 fla Excursion
9 100% LTO 919 293 4.40% 0.0380 fla Excursion
10 SSCr. 1200 146 4.40% 0.0329 Nominal
11 SSCr. 1200 146 4.40% 0.0300 fla Excursion
12 SSCr. 1200 146 4.40% 0.0360 fla Excursion
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Emissions Tests— Emissionstests were conducted in test cell RL—23 at the NASA Glenn Research
Center. Figures 288 through 291 compare the overall emissions data for Configuration 1 to the
GEAE data. Themagnitudeand trendsinthe NOx, CO, UHC, and combustion efficiency aresimilar.
In both tests the configuration met the supersonic cruise emissions goal of lessthan 5 EINOx and
the efficiency goal of greater than 99.9%.

Figures 292 through 296 compare the local emissions data as a function of radia position for
Configuration 1 from the two data sets. The probe used at NASA only traversed over half the
diameter of the cylindrical chamber downstream of the IMFH assembly, but the GEAE probe was
able to traverse the entire diameter. The profiles shown from both tests are between IMFH tubes.
There areclear discrepancies between the profiles measured at thetwo facilities. Both sets of results
show peaksinthe data; however, the peaksare not always at the samel ocationsand operating points.

4.8.1.4 Discussion

Overal, NASA tests of the full-scale, one-inch IMFH tube assembly reproduced the results from
earlier testsby GEAE. However, profilesacrossthe combustor were not reproduced. The discrepan-
cies may be a result of changes in the alignment of the emissions probes with respect to the
combustor, specifically thefuel injectors. Each of theinjectorsmay produce auniquefuel spray and
profile. Variations in the facilities and emissions systems may also contribute to differences.

Discrepancies between NASA and GEAE emissions tests should not discredit future results. The
overall emissions are the critical values. However, discrepancies between fuel injectors should not
be overlooked.
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Figure 288. IMFH Tube NOx vs Fuel/Air Ratio
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Figure 290. IMFH Tube UHC vs Fuel/Air Ratio
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IMFH Configuration 1
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Combustion Efficiency vs. Sample Fuel/Air Ratio

100.0 a oo
99.9 Goal >99.9% P
99.8
Nominal Supersonic Cruise
99.7
g ¢ NASA RL23
g 996 o GE Cell A5
Q0
(S}
£ 995
w
c
2 994
72}
>
Qo
E 9.3
O
99.2
99.1
99.0 ! ! ! ! !
0.020 0.025 0.030 0.035 0.040 0.045 0.050
Metered Fuel/Air Ratio
Figure 291. IMFH Tube Combustion Efficiency vs Fuel/Air Ratio
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IMFH Configuration 1
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Figure 295. IMFH Tube UHC vs Radial Position
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Figure 296. IMFH Tube Combustor Efficiency vs Radial Position
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4.8.2 Main Fuel Injector Development

The purpose of thiswork wasto continue to investigate and develop IMFH technol ogy, specifically
the mixing mechanisms in the full-scale, one-inch IMFH tube. The work focused on fuel injection
and dome cooling-air injection. Other areas considered important in IMFH development included
fuel injector aerodynamics, inlet aerodynamics, and tube spacing. Results presented here include
comparisons of different cooling injection configurations using CFD aswell asinitial combustion
diagnostics tests on the full-scale IMFH tube assembly. Combustion diagnostic tests were being
conducted at the time of thiswriting and are not included.

4.8.2.1 CFD Modeling

Various cooling-flow injection configurations were investigated with CFD at NASA-Glenn. A
guarter sector of each IMFH tube was modeled. Figures 297 and 298 show the mass fraction of
injected cooling air at the injection point and tube exit, respectively, over a tube sector for four
different configurations. Thevariationsin circumferential and radial distribution of air with changes
in the size and number of holes and percent cooling flow are shown in each figure. The penetration
of the cooling jet is evident in Figure 298.

4.8.2.2 Combustion Diagnostics

Combustion diagnosticstestswere conducted at NA SA—Glenn. Testsincluded planar laser-induced
fluoresence (PLIF) imaging and phase Doppler particle analyzer (PDPA) measurements. PLIF
imaging shows a quantitative representation of the spatial distribution of the fuel exiting the IMFH
mixing tubes downstream of the air injection holes. PDPA measurements provide droplet diameters
and velocities at the tube exit. These tests were being conducted at the time of this writing.

4.8.2.3 Discussion

The effects of percent cooling air, momentum ratio, and number of holes can be seen in CFD.
However, at the time of thiswriting, no data were available to indicate effects on emissions.

4.8.3 Cyclone Pilot Flametube Tests

Following the LPP/RQL downsel ect, six additional full-scale cyclonesweretested. Thesix configu-
rationsare summarizedin Table40, along with Configurations 16 and 20.3 tested prior to downsel ect
(for reference). A cyclone cross section with feature definitions was shown in Figure 58 (page 54)
and coincideswith theinformationinthetable. Notethat these designshaveflow areas approximate-
ly the same as Configuration 20.3, but they are somewhat smaller overal. This change was made
because of circumferential space limitations on the pilot dome. Note that this was not done without
penalty, as the swirl number was reduced from 1.16 to 0.91. Thiswas a bit of a concern because it
generaly follows that as the swirl number increases, cyclone stability improves.

Configurations21.1, 21.2, and 21.3 wereidentical except thenumber of fuel injection portschanged.
Thiswas an attempt to determine the impact of the number of fuel injection ports on emissions and
stability. Configurations 21.12, 21.22, and 21.32 wereidentical to each of thefirst three configura-
tions tested, except that a 0.040-in annular air gap was added around the centerbody.
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Labels indicate injector hole diameter in mils and percent cooling air.
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Figure 297. Mass Fraction of Cooling Air at Injector Inlet
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Labels indicate injector hole diameter in mils and percent cooling air.
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Table 40. Cyclone Design Summary Table

Subscale Full Scale Full Scale Full Scale Full Scale Full Scale Full Scale Full Scale
Parameter Config 16 Config 20.3 | Config 21.1 | Config 21.2 | Config 21.3 | Conf 21.12 | Conf 21.22 | Conf 21.32
General Overall Effective Flow Area, in? 0.6 1.70 1.73 1.75 1.75 1.94 1.95 1.96
Swirl Number 0.85 1.16 0.91 0.91 0.91 0.91 0.91 0.91
Air Gap Around Centerbody, in 0.15 None None None None 0.040 0.040 0.040
Swirler Inner Diameter, in 1.736 3.800 3.250 3.250 3.250 3.250 3.250 3.250
Outer Diameter, in 1.975 4.050 3.500 3.500 3.500 3.500 3.500 3.500
Number of Slots 48 80 72 72 72 72 72 72
Slot Angle, ° 45 50 43 43 43 43 43 43
Slot Height, in 0.504 0.450 0.525 0.525 0.525 0.525 0.525 0.525
Slot Width, in 0.025 0.050 0.050 0.050 0.050 0.050 0.050 0.050
Centerbody Outer Diameter, in 1.181 2.750 2.125 2.125 2.125 2.125 2.125 2.125
Fuel Injection Air-Assist Hole Dia, in 0.110 0.130 0.140 0.165 0.120 0.140 0.165 0.120
Number of Holes 6 15 12 8 16 12 8 16
Throat Diameter, in 1.592 3.400 2.850 2.850 2.850 2.850 2.850 2.850
Side Cooling Hole Diameter, in 0.145 0.135 0.126 0.126 0.0126 0.126 0.126 0.126
Number of Holes 20 30 48 48 48 48 48 48
Fuel Injector | Number of Injection Ports 6 15 12 8 16 12 8 16
Tube OD, in 0.065 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625
Tube ID, in 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020

Thisincreased the effective flow area by about 10%, to nearly 1.95 in?. Note that thisis more than
threetimesthe flow area of the Configuration 16 designed used inthe MMMRA sector. The air gap
was added to simulate afeature that was anticipated for the full-scal e sector (described later). It was
necessary to verify that emissions and stability were not impacted and that no autoignition or
flashback resulted from the gap.

Fiveof theconfigurations (all except 21.2) weretested by Dr. Cliff Mosesat the Southwest Research
Institute. Configurations 21.1 and 21.3 were tested in May and June 1998. The latter three were
tested from February to May 1999. As with the precursor (prior to downselect) cyclone tests, five
gas-sampling probeswerelocated seven inches downstream of the dome face, positioned to sample
approximately equal-arearegions of the exit plane. A schematic of the test rig was shown in Figure
59 (page 55). Configurations 21.1, 21.2, and 21.3 were also tested at NASA—-Glenn in July and
August 1998. Here, six gas-sampling probes were located seven inches downstream of the dome
face, also positioned to sample approximately equiarearegions of the exit plane. A schematic of the
NASA test section is shown in Figure 299; it is very similar to therig used at SwRI.

Comparison plots are shown in Figures 300 through 308, and the test results are summarized in
Tables 41 through 44. Several significant observations can be made. First, all of the Configuration
21 variations showed significant improvement (by nearly afactor of 2 at low power) in lean blowout
characteristics over the subscale design (Configuration 16). Thisisvery important, because thelean
blowout point directly impacts the location of fuel-staging points. This provides the flexibility to
either operate with greater stability margin with the same number of fuel stagesor to simply operate
at lower fuel/air ratios, reducing the number of stagesrequired. It wasinteresting that the variations
with the centerbody air gap showed additional improvement over the no-gap designs(by 0.05t0 0.1,
based on equival enceratio) and were much flatter in thelow-power regioninwhichthey weretested.
Thetremendousimprovement in stability over the subscale designswas very positivein making the
full scale system viable.
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Figure 306. Full-Scale Cyclone Subsonic Cruise Combustion Efficiency
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Table 41. Full-Scale Cyclone Ground Idle Emissions Estimates
Parameter Configuration

16* 21.1 21.2 21.3 21.12 21.22%* 21.32

Test Location SwRI SwRI NASA SwRI SwRI SwRI SwRI
o NOXx - 2.7 2.1 2.0 2.1 2.8,2.3 2.8
Elrg'esxs'ons Cco est. 25 74 80 28 180 35, 29 29
HC - 4.9 5 25 11 0.37,0.13 10

Combustion Efficiency, % - 97.8 97.7 99.01 95.7 99.3, 99.3 98.4
No. of Fuel-Injection Ports 6 12 8 16 12 8 16
T3, °F - 354 282 345 340 333, 347 346
P3, psia - 45 43 45 45 45, 45 45
AP, % - 3.95 3.9 3.6 4.1 4.0,4.0 4.0
* Configuration 16 was the subscale design (reference point).
** Configuration 21.22 was tested twice at these conditions.
Table 42. Full-Scale Cyclone 15% LTO Emissions Estimates
Parameter Configuration

16* 21.1 21.2 21.3 21.12 21.22** 21.32

Test Location SwRI SwRI NASA SwRI SwRI SwRI SwRI
o NOXx - 5.6 - 3.0 5.4 6.2,5.9 5.2
Fnrg('esxs'ons Cco - 18 - 14 4 13,7 11
HC - 0.57 - 1.6 0.16 0.4,0.18 3.2

Combustion Efficiency, % - 99.34 - 99.46 99.9 99.5, 99.7 99.4
No. of Fuel-Injection Ports 6 12 8 16 12 446, 450 16
T3, °F - 446 - 446 450 8 446
P3, psia - 82 - 83 81 82, 83 82
AP, % - 3.85 - 3.75 4.1 3.9,3.9 3.8

* Configuration 16 was the subscale design (reference point).
** Configuration 21.22 was tested twice at these conditions.
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Table 43. Full-Scale Cyclone Subsonic Cruise Emissions Estimates

Parameter Configuration
16* 211 21.2 21.3 21.12 21.22 21.32
Test Location SwRI SwRI NASA SwRI SwRI SwRI SwRI
o NOx - 2.3 1.6 1.8 3.1 5.9 1.4
mSSIons o - 1.7 2.3 6.1 2.6 1.1 2
HC - 19 0.53 0.91 1.2 0.45 4
Combustion Efficiency, % - 99.75 99.9 99.76 99.8 99.9 99.6
No. of Fuel-Injection Ports 6 12 8 16 12 8 16
T3, °F - 631 634 628 630 634 633
Ps, psia - 80 81 80 80 80 80
AP, % - 3.0 3.1 3.0 3.1 3.1 3.0
* Configuration 16 was the subscale design (reference point).

Table 44. Full-Scale Cyclone Supersonic Cruise Emissions Estimates

Parameter Configuration
16* 211 21.2 21.3 21.12 21.22 21.32
Test Location SwRI SwRI NASA SwRI SwRI SwRI SwRI
o NOx 24 24 - 22 23 9 23
E]rg('fxs'ons Cco 0.74 1.4 - 15 0.78 0.28 0.72
HC 0.37 0.027 - 0.34 0.27 0.17 0.74
Combustion Efficiency, % | 99.83 99.845 - 99.925 99.85 99.95 99.8
No. of Fuel-Injection Ports 6 12 8 16 12 8 16
T3, °F 1202 1200 - 1203 1200 1202 1200
P3, psia 149 150 - 150 150 151 150
AP, % 245 3.1 - 3.0 3.0 31 3.0
* Configuration 16 was the subscale design (reference point).

Second, al of the full-scale designs demonstrated supersonic cruise NOx El at least as good as the
subscale design, generally in the 20 to 24 range. In fact, Configuration 21.22 (eight fuel ports)
actually demonstrated significant improvement, dropping to only about 9 El — less than half of
previous values. It was felt that in order for the full-scal e sector to meet the 5 EI NOx requirement
asthe MMMRA sector had, the pilot had to produce supersonic cruise NOx at least as good as the
subscale design. Configuration 21.22 was chosen as the baseline for the full-scale sector. Because
of the significant improvement observed, it is expected that the full-scale system will meet NOx
reguirements and may even be lower than observed in the MMMRA sector.
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Third, ground idle CO was dlightly higher than desired. It was estimated that Configuration 16
produced approximately 25 ElI CO at Gl (although it was never tested at actual Gl conditions).
Several of thefull-scale designs produced EI’sin the 28 to 35 range, but otherswere well above 75.
The Configuration 21.22 design chosen for the full-scale sector demonstrated 29 and 35 El in two
separatetests. It isexpected that Gl CO in the sector will be similar to, or slightly higher than, it was
inthe MMMRA. As stated above, the final emissions results will be impacted by the interactions
between the pilots and IMFH premixers in the sector.

Fourth, subsonic cruise NOx was quitelow in all of the designs. Most werein the 1.5 to 3 El range,
although Configuration 21.22 was nearly 6 El. Thiswasof no real concern, sincethetargeted value
for the cyclone was 10 El. Regrettably, Configuration 16 was never tested at these conditions,
making it impossible to compare it directly to the full-scale designs. It is expected that subsonic
cruise NOx in the full-scale sector will remain quite low.

Finally, the addition of the air gap around the centerbody did not show any signs of autoignition or
flashback. In fact, the gap allayed some fears about the potential for autoignitionin therecirculation
region formed by the no-gap design (even though none had ever been observed in the no-gap design
in several hundred hours of testing).

Thisinformation was used to select adesign for usein thefull-scal e sector. The sector configuration
chosenwasnot quiteidentical to any shown herebut wasessentially the sameas Configuration 21.22
(eight fuel ports) with adlightly longer throat (it will be described in more detail later in thisreport).
Theincreased throat |ength resulted from mechanical design needsin assembling the pilot domeand
swirler. It is not anticipated that this will materially impact pilot performance.

4.9 Full-Scale MRA Sector Detailed Design

Following the LPP/RQL downselect, detailed design of the full-scale MRA sector was initiated.
Enhancementswere madeto the preliminary design presented at the downsel ect to mitigatetherisks
and concerns raised by the reviewers. Additional information from the subsequent subcomponent
development described in the previous section was also used to develop the final sector design.

4.9.1 Combustor Enhancements/Risk Mitigation

The LPP risk assessment chart from the LPP/RQL downselect is presented in Table 45. It contains
the 10 items considered highest risk to the program. Clearly, combustor dynamics were of primary
concern, with all other items considered low or moderate risk. Table 46 summarizes the mitigation
plans for each of the top 10 risksidentified in Table 45. Testing and analytical methods both were
to be used to addressthe program risks and ensure successful development of thefull-scale combus-
tor. The full-scale MRA sector was to be one of the primary vehicles for obtaining test data.

4.9.1.1 Combustor Dynamics and Stability

Combustor dynamics was the item of highest concern from the risk assessment. Analytical models
anchoredinrigtestingwereto beused addressthisrisk with thefull-scale MRA sector asthe primary
source of test data.

Thefive-year modeling activity was structured asajoint effort. GEAE wasresponsiblefor the basic
acoustic models; NASA wasresponsiblefor the heat-release models, and P& W was responsible for
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Table 45.

LPP MRA Risk Assessment

Impact to the Program if Risk Occurs

Probability that Risk Will Occur

Average 0.1 0.3 0.5 0.7 High
Score Low Medium
High 1. Combustor
0.9 Dynamics
2. Fuel-System
0.7 % Coking
4. SC Combus.
05 Efficiency
Medium 9. Sensitivity to
Leakage
7. Profile and 3. Blowout
03 Pattern Factor Margin 5. Autoignition
' 10. Structural 6. Inlet Airflow Flashback
Vibration Nonuniformity
0.1 8. Combustor
Low Burn Through

Table 46. LPP MRA Risk-Mitigation Plans
Risk Plan

1. Combustor Dynamics Anchor analytical models to existing data and predict
engine combustor characteristics.

2. Fuel-System Coking Conduct 3D heat transfer analysis; perform
fundamental and component coking tests.

3.  Combustor Blowout Margin Generate and analyze steady-state and fuel-transient
data in full-scale sector test.

4. Subsonic Cruise Combustion Additional cyclone and IMFH development and CFD

Efficiency analyses planned; verification in full-scale sector test.

5. Autoignition and Flashback Advanced autoignition and flow-visualization testing
planned; CFD analyses planned.

6. Inlet Airflow Nonuniformity CFD analysis planned, anchored to subscale and
cold-flow diffuser test.

7. Profile and Pattern Factor CFD analysis anchored to subscale sector test
planned; verification in full-scale sector test.

8. Combustor Burn Through Investigate certification issues.

9. Combustor Sensitivity to Leakage Full-scale combustor leakage to be included in
full-scale sector test.

10. Combustor Structural Vibration Perform 3D vibration analysis.
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modeling the acoustic boundary conditions. Because the HSR program was limited to FY 1999
effort, only the IMFH tube impedance modeling activity could be completed. The objective of the
P&W FY 1999 modeling effort was to provide an impedance model for the IMFH tube section of
the MRA sector rig to be employed by GEAE in their acoustic model. The existing GEAE acoustic
model considered the combustor only with the upstream boundary condition assumed to be acousti-
cally closed. The frequency prediction was slightly higher than the test datafor the MRA sector rig.
Incorporating a more complex boundary condition for the IMFH tubes and the upstream domain
may improve the frequency predictions for the MRA sector.

The impedance model for the IMFH tube section was based on one-dimensional linear acoustic
theory. First, asystem transfer function was determined. With aspecified boundary condition on one
side, the impedance on the other side can be determined thereafter. For the MRA test rig, alarge
plenum existed upstream of theprofiler. Therest of thedomainissplitinto ninesectionsasillustrated
in Figure 309. The discontinuities for the adjacent two sections are also modeled as interfacial
boundary conditions. Eight additional elements are considered to accommodate the discontinuities.
A total of 18 elements define the system transmission matrix.

—o— Measurement —ill— Model

250

Diffuser

200
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100 f
50

Profiler J
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Air-Passage Area, in2

IMFH Tube

Figure 309. HSCT Curved-Sector Air Passage Area Distribution

Six conditions were studied: ground idle, 15% LTO, 34% LTO, 65% LTO, subsonic cruise, and
supersonic cruise. Sincethe upstreamisjustified asan acoustic open—end, T12/T22 will bethe output
parameter in this study representing the impedance of the entire upstream section ahead of the
combustor. In this study, the location of interest is the exit of the IMFH tube (x = 20 in). In the
spectrum of theimpedance magnitude, the maximum peak representsthe frequency with the highest
impedance, approaching a closed end. The results (Figure 310) indicate that the upstream domain
has arelatively high impedance (like an acoustic closed end) in the frequency range between 400
to 700Hz. Therefore, theoriginal assumption of aperfectly closed end isareasonabl e approximation
in that narrow frequency range.
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Figure 310. IMFH Impedance Magnitude Spectrum

4.9.1.2 Fuel Coking

Therisk of coke formation in the fuel system was given a moderate probability of occurring with
amedium impact on the program if it wereto occur. Cokeis capable of forming in both flowing and
nonflowing fuel passages, and both types must be addressed.

Coke formation rate is a function of time and temperature. Thus, one of the primary methods of
mitigating therisk isto ensure that fuel temperatures are kept low. Thisisaccomplished by various
cooling methodologies, such as heat shielding, active cooling circuits, and the avoidance of dead
zonesinthefuel circuits. Such stagnation regionsallow heat to build up and coketo form. Similarly,
becausefuel staging isneeded to meet emissionsrequirements, fuel can stagnatein stagesasthefuel
flow isturned off. This alows fuel temperatures to rise and coke formation to occur over a period
of time. While purge systems can be used in ground-based systems and test facilities with relative
ease, it tends to add more weight, cost, and complexity than can be tolerated on an aircraft. Thus,
it becomes critically important to use cooling methods that keep the fuel temperatures|ow through-
out the flight envelope, whether in aflowing or nonflowing circuit.

Both the cyclone pilot fuel injectors and the main fuel nozzles had to be cooled appropriately to
reduce the coking risk. Coking was less of aconcern in the pilots because fuel was always flowing
through the circuits throughout the flight envel ope, making them relatively easy to keep cool. Inthe
main fuel nozzles, a combination of heat shielding and active cooling was used. The heat shields
were simple metal barriers used to isolate the internal fuel tubes from the convective heating of the
high-temperature air. In addition, fuel flow to the pilots was first diverted through the main fuel
nozzlesto help keep them cool. Cal culations were made to estimate the heat pick up of the cooling
flow to ensure that bulk temperatures remained within desirable levels prior to entering the pilots.

Prior toimplementationin aflightworthy engine, itisrecommended that additional fuel coking tests
be performed. This should include both flowing and nonflowing tests of long duration on actual fuel
system parts at the most severe operating conditions, as well as a series of teststhat cycle the parts
through theflight envelope. Similar tests have already been run on subscal e devel opment partswith
very promising results. These tests were described earlier in this report.
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4.9.1.3 Autoignition and Flashback

Autoignition and flashback were considered in the risk assessment to be relatively high impact to
the program but to have arelatively low probability of occurring. A plan was put into placeto model
autoignition and to anchor the model with data from afour-tube rig.

The modeling effort examined three methods for modeling flameholding and flashback within the
IMFH tube assembly: (1) a modified Magnussen—Hjertager combustion model with aflame eddy-
dissipation-concept extinction mode, (2) monitoring of ignition delay times within the premixing/
prevaporizing tubewith conjugate heat transfer to and from thetube, and (3) arecently UTRC-devel-
oped coupled mixing/kinetics model. A computational grid representing a quarter section of the
IMFH autoignition rig at UTRC, including a complete flame tube, was generated as a numerical
test-bed of the three approaches. Appropriate modifications to the CFD code were made to use the
above submodels under conditions appropriate to HSR, and CFD runs were initiated.

The UTRC-located autoignition and flashback test facility was designed, fabricated, and installed.
A three-dimensional, solid model of thisfacility is shown in Figure 311. Air at temperatures up to
1200°F approachesthetest facility. A bypasslegisin placeto keep theflow rate through the electric
heater at the required levels. For autoignition testing, apressure drop of nominally 6% is set across
thefuel injectorsand flow diverted to the bypassleg. Pressure drop isthen reduced until the pressure
drop is approximately 2% or autoignition is detected.

Yl
: l‘{l] -)

Bypass Piping

Figure 311. Autoignition and
Flashback Test
Facility

Pressure Vessel for Integrated
Mixer/Flameholder Assembly ~ Probe Holder Traversing Probe

Figure 312 is a photograph of the assembled IMFH assembly from the upstream side. Each IMFH
tube was instrumented with three surface thermocouples and three static pressure taps along the
length of the tube. In addition, each tube had two optical probes. The optical probes and the surface
thermocoupl es are used to determine whether autoignition or flashback has occurred.

During theinitial shakedown runs, severe acousticswere encountered. The supporting threaded rods
sheared, but no damage to the IMFH tubes was observed. No additional tests were conducted due
to termination of the overall program.
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Figure 312. Photograph of IMFH
Assembly from the
Upstream Side

4.9.2 Sector Design

The detailed design of the full-scale MRA sector is described below. The design is principally the
same as the one presented at the LPP/RQL downselect, with additional detail and modifications to
reflect ongoing development. Figure 313 isageneral cross section. Because circumferential staging
wasto betested, the sector was expanded to six cups (pilots) covering a75° section. Thiswas based
on lessonslearned fromthe MMMRA Sector, which had five cups (pilots) and covered 63°. Thefive
cups and IMFH tube banks were asymmetric in terms of circumferential staging and led to many
uncertaintiesin analyzing and interpreting the data. Thus, although the larger sector would be more
costly, the added symmetry was necessary to provide quality datathat could be properly interpreted.

Main Fuel Injector (6) Pilot Liner/Baffle Pilot Fuel Injector (6)

Diffuser

Outer Liner/Baffle

Main Dome

2

IMFH Mixer Tubes (60) Inner Liner/Baffle

Figure 313. Full-Scale MRA Sector Cross Section
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4.9.2.1 Aerodynamic Considerations and Fuel Staging

From an aerodynamic standpoint, the intent of the full-scale design was to mimic the subscale
MMMRA sector as best as possible. This included the internal flow splits between the various
flowpaths in the sector as well as knowledge gained about the fuel staging necessary to meet
emissions targets.

The fina design airflow distribution is illustrated in Figure 314, and fuel-staging patterns are
presented in Figures 315 through 320. The small dots in the fuel staging figures represent the
locations of the gas-sampling probes at the combustor exit plane relative to the main dome. The
circumferential fuel staging selected issimilar tothe*n = 15" staging used in Builds 2, 3al, and 3a3
of the subscale MMMRA sector (described previously). This mode demonstrated improved inter-
mediate-power exit profilesover radial staging without materially impacting emissions. Groundidle
(pilot only), takeoff (fully fired), and supersonic cruise (fully fired) are not impacted by the fuel
staging selected because either none or al of the IMFH tubesarefired at these operating conditions.
Notethat the sector has been designed with enough flexibility to test both radial and circumferential
staging, should there be aneed to do so.

4.9.2.2 Diffuser

The Diffuser shown in Figure 321 iscast asasingle 75.35° sector. The material isInconel 718. The
diffuser design contains four independent axial air passages developed within the inner and outer
radii. Theradial structural struts, located along the whole length of these passages, were cast as an
integral part. These struts support and integrate the system as one unit. The four independent
flowpaths expand to larger sections as they transition further aft towards the exit, reducing the air
velocity prior to entering the combustor.

W3/Wsector = 0.961
W36/W3 =0.788

..........

(SRR
——

M

7.06%

% i 81.27%
100% ==
e | ] Includes
—i Sidewalls

11.67%

Left Sidewall = 1.83%
Right Sidewall = 1.83%

[Splits are Percentages of the Total Sector Airflow]

Figure 314. Full-Scale MRA Sector Internal Airflow Distribution
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Figure 315. Full-Scale MRA Sector Ground Idle Fuel Staging
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Figure 316. Full-Scale MRA Sector 15%
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Figure 317. Full-Scale MRA Sector 34% LTO Fuel Staging

Figure 318. Full-Scale MRA Sector Nominal Subsonic Cruise Fuel Staging
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Figure 319. Full-Scale MRA Sector 65% LTO Fuel Staging

Figure 320. Full-Scale MRA Sector Nominal Supersonic Cruise and 100% LTO Fuel Staging
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Figure 321. Full-Scale MRA Sector Diffuser Design Features

Forward of the integral struts/passages, the flowpath transitions to a single annular passage. In an
engine system (with a compressor), this annular cavity would contain the compressor outlet guide
vanes (OGV). These airfoil-shaped vanes redirect the compressor exit air flow angle to an axia
direction. For these tests, heated shop air flowing axially is used.

Inafull-annular design, 15 strutswould be equally spaced every 24°. Three strutsare present in the
sector (plus sidewalls). The circumferential orientation is aligned with every other main dome fuel
injector. Figure 322 is an aft-looking-forward view. Note that the sidewalls at the circumferential
endsareanintegral part of thediffuser. Thisprovidesfull containment of theair within each passage.

The diffuser forward flange is bolted to the forward plate. The inlet bell mouth, with an axial
aft-length extension, also fastens to the forward face of this plate. Note that an interface feature
between the aft bell mouth extension and the forward surface of the diffuser must blend smoothly.
Thisfeatureisaso shownin Figure 322. Thistransition allows a smooth passage for the high-speed
air crossing between these two mating parts, thereby minimizing air pressure losses and boundary
layer trips.

4.9.2.3 Main Dome and IMFH Premixers

The main dome shown in Figure 323 is the main structure for the combustor module. The dome
structureis cast from Inconel 625 and machined to final configuration. The structure consists of a
vertical wall, with the upper end forming a 90° bend, and continues aft. The vertical face contain
the diameter openings to mount and support all the IMFH/heat Shields and dome shrouds. Its outer
circumferential end (90° bend) supports the mounting for the pilot liners, pilot swirlers, and outer
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liner/baffle as shown in Figure 324. The lower end of the Dome structure contains bolt holes for
mounting the Inner Liner flow path module and the Forward Inner Support.

The IMFH/heat shield assembly shown in Figure 325 is manufactured from an Inconel 625 bar for
the IMFH tube and machined down to 1-in diameter. It isthen brazed to aRené 125 cast heat shield.
The heat shields contain enhancement features to reduce the amount of cooling air, while maintain-
ing the objective surface temperatures. The heat shield surface exposed to the combustion gasesis
thermal-barrier coated.

The total length of the IMFH tube is 5.5 inches (from air inlet to exit into the combustion cavity).
The IMFH/heat shield is assembled to the dome using the diameter openings in the dome wall (for
each IMFH tube to penetrate through). Once the tube is inserted through the wall, the IMFH nut
fastensthe part within the dome structure, as shown in Figure 326. The IMFH tube and fuel injector
design chosen for the sector is an adaptation of Configuration 46 discussed in the single-cup
development section of this report.

4.9.2.4 Main Fuel Injector

The main fuel injector design was based on work done by GEAE for the full-scale engine PDR.
Options for cooling the main fuel injector were investigated. Preliminary prints of atriple-walled
tube design and adesign with acast stem were produced, and competitive quoteswerereceived from
anumber of vendors. Based on vendor information and risks associated with both approaches, the
cast stem approach was chosen. The aerodynamic features of the tip and the fuel injection orifice
sizeand locationwerekept consistent with the GEAE design. Thecooling schemeisshowninFigure
327.

In order to eliminate cicumferential vibration, aseries of cross braces connect the two towers of the
main fuel injector. The resulting vibration analysisisillustrated in Figure 328.

4.9.2.5 Cyclone Pilot and Pilot Liner

The cyclone pilot shown in Figure 329 is machined from Inconel 718 bar stock. The two main
featuresare (1) the43° angle, vertical slotted swirler vaneson the upper part of the cyclone, resulting
in aswirling rotational movement of the air, and (2) the machined threads on the lower portion of
the cyclone. These threads function as a nut, fastening each of the pilot liner ssgmentsto the dome
structure as shown in Figure 330. The general design is an adaptation of Configuration 21.3 dis-
cussed in the single-cup development section of this report.

The Filot Liner shown in Figure 331 forms the forward part of the outer flowpath. The material is
cast René 125 segments, machined to final dimensional features. The flowpath surface is thermal-
barrier coated, and the liners are back-side impingement cooled. Enhancement features are cast in
the “cold” side of the liner surface, which reduce the amount of cooling air requirements while
meeting the objective temperatures on the “hot” liner surface. The postimpingement air exits
through forty-eight 0.126-in diameter holes and then mixeswith thefuel/air mixture exitinginto the
combustion chamber. The large center opening has a45° conical transition and is aerodynamically
formed to provide the passage of the fuel/air into the flowpath. Axial spline seals extending along
the length of the liners are provided to minimize air leakage between the segments. The torque
applied by the cyclone pilot to the pilot liner results in assembly to the dome structure as shown in
Figure 332.
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Figure 324. Full-Scale MRA Sector Main Dome Component Assembly
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Figure 325. Full-Scale MRA Sector IMFH/Heat Shield Design
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Figure 326. Full-Scale MRA Sector IMFH/Heat
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Figure 328. Fuel Injector Vibration Analysis
First natural frequency, 313 Hz, is
acceptable for rig operation. i
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Figure 330. Full-Scale MRA Sector Cyclone Pilot/Pilot Liner Assembly
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Figure 332. Full-Scale MRA Sector Cyclone Pilot and Pilot Liner Assembly

NASA/CR—2005-213584/VOL2 262



4.9.2.6 Outer Liner and Impingement Baffle Assembly

Outer Liner Panel —Thesix outer liner panelsweresized inthecircumferential and axial directions
based on a conservative operating temperature of 2000°F. Each panel is bolted to the impingement
baffle by seven edge-positioned studs (Figure 333). The stud attachment schemealleviatesdischarge
flow-area restrictions inherent in a hook attachment, resulting in improved impingement cooling
effectiveness. The edge-positioned studs al so provide positive panel retention, minimizing leakage
and desensitizing the design to thermal distortions. The panel cooling array consists of 0.030 by
0.030 by 0.030-in pyramidsand resultsin amaximum surface areaenhancement of 118% (goal: 60%
area enhancement). The array of 0.030-in pyramids also resultsin arelatively small percentage of
flow blockage (8.85%), see Figure 333. The 0.030-in pyramids were sel ected based on manufactur-
ability and the results of a parametric study that rated several schemes based on overall surface
enhancement and flow blockage. The cooling featuresand panel studsareto becast intoliner panels
usingan ACTUA ™ wax rapid prototyping process. This process minimizes hardwarelead timeand
reduces machining cost. After the liners are cast, only machining of the perimeter rails and chasing
of the stud threads will be required. Machining of the perimeter railsisrequired to ensure proper fit
with the impingement baffle resulting in minimized leakage around the liner.

Impingement Baffle — The impingement baffle is a single-piece 75.35° sector machined from a
one-piece Inco 625 forging. The 6 outer liner panels bolt to the baffle through 24 clearance holes,
12 clearance dlots, and 6 close-tolerance slots. Theslotsallow theliner designtofollow theflowpath
bend. Theclose-tolerance sl otsact aspiloting slotsfor positioning theliner sesgmentsduringinstalla-
tion. Based on heat transfer analysis, the design incorporates approximately 7055 impingement
holes (0.019 to 0.021-in diameter each).

Supporting Analysis—A finite-element analysis of the HSCT sector rig outer combustor liner was
commissioned to assess performance under anticipated operating loads. Temperature and stress
results for the liner are summarized in Figures 334 and 335.

4.9.2.7 Inner Liner

The inner flowpath liner segments are cast from MAR-M-509 material, and each is machined to
thefinal configurations. Figure 336 showsthethree axial segmented features, supported by asingle
impingement baffle. There are three equal-arc-length segments for the forward, middle, and aft
liners.

Theradial support for the liners consists of integral hooks located in the forward and aft ends. The
hooks are segmented (scalloped) to reduce the thermal stress between these cooler hooks and the
hot liner surface above them. The scalloping also allows postimpingement air to exit through the
scalloped passages.

These hooks engage a similar feature on the impingement baffle, shown in Figure 337. Tangential
support isprovided for each liner by aslot in the middle of each arc (located at the forward section)
and by engaging alug located on the impingement baffle. Each of thelinersisaxially supported on
the forward set of hooks while allowing free axial growth on the second set of hooks located at the
aft end.

Surface-enhancement features are machined into the* cold” side of theliner thickness, reducing the
amount of air required to cool the “hot” surface to within the temperature objectives. The postim-
pingement air traverses axially and exits through passages provided between scalloped hooks and
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Figure 336. Full-Scale MRA Sector Inner Liner Segment/Impingement Baffle Assembly
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Figure 337. Full-Scale MRA Sector Inner Flowpath Liner Assembly

NASA/CR—2005-213584/VOL2 266



into the flowpath. The forward liner also has ninety-five 0.020-in diameter holes drilled on the aft
end of theliner thickness. The air through these holes provides added convection cooling and also
adds film cooling to the first portion of the mid liner.

The design also usestwo separate arc ringsthat are prel oaded at two axial stationswhen assembled.
These rings provide aradial load to the hook engagement and thus minimize the effects of radial
stack-up by eliminating dynamic movement while al so providing damping. To minimizeair |leakage
between the segments, spline seals are engage two adjacent ends and axially extend the length of
each liner.

4.9.2.8 Exit Vane Pack/Gas-Sampling System

VanePack ProbeDesign —Thevane pack assembly (Figure 338) consistsof 14 emissions-sampling
vanes, 7 dummy vanes, one left-hand end-wall vane and one right-hand end-wall vane. The emis-
sions-sampling vanes consist or an inner and outer platform, body, seven emissions-sampling tips,
acooling water supply tube, and seven emissions-sampling tubes. The emissions-sampling array is
a centralized 48° segment consisting of 98 points. This density was chosen to provide adequate
resolutionfor all staging modes. All of thevanesarewater cool ed to withstand the high temperatures
associated with combustor emissions sampling. The cooling water is supplied to the vanes by the
vane pack cooling water manifold at 2.5 gpm per probe. The stresses in the vanes are well within
the maximum allowable for Inco 625. Further, the probe natural frequency of 461 Hz is acceptable
for rig operation.

Vane Pack Cooling Water M anifold — The vane pack cooling-water manifold provides coolant to
the vane pack. Each vaneisfed by a2-in AN fitting with a constraining orifice (Figure 339). The
orifice provides back pressure so that if avaneislost or damaged therest of the vaneswill not loose
the required flow.

Water-Cooled Vanes (7)

Emissions-Sampling Vanes (14)

Water-Cooled End-Wall Half Vanes (2, One on Each Side)

Figure 338. Vane Pack Gas-Sampling System
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Figure 339. Emissions-Sampling Vane Section

4.9.3 Manufacturing and Assembly of the Combustor Large-Scale Sector Rig

Figure 340 is acutaway view of therig; detailed assembly information isavailable in P&W layout
drawing L98WL013.

Emissions System Assembly (Figure 341) — The emissions systems assembly consists of thelarge
aft plate with the emissions probe vane pack attached by two Y4-in double hex bolts at the OD and
one 5/16-in double hex bolt at the ID. This Assembly is bolted between the combustor housing
assembly and exhaust duct extension assembly. Thelarge aft rig plateis45.7 inchesin diameter and
2.0 inchesthick and is manufactured from Inconel 718 (AM S 5596 Ni Alloy). The emissions probe
vane pack consists of 23 gas sampling probes mounted to the aft rig plate in a circular pattern of
75.350° at amean radius of 20 in. The probes are water cooled with a 3-in stainless steel manifold
supplying the cooling water. Water is supplied to the manifold by the facility.

Combustor Assembly (Figure 342) — The combustor assembly consists of an inner liner impinge-
ment baffle and inner flowpath liner ssgments, an outer liner impingement shell with inner flowpath
liner segments, pilot liner segments retained by a pilot liner swirler nut, a dome support, a dome
shroud with IMFH heatshield assemblies, and an inner fairing support bolted to the inner impinge-
ment baffle. This assembly is bolted to the small aft plate that bolts to the large aft plate.
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Figure 340. Overall Combustor Large Scale Sector Rig
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Vane Pack

Figure 341. Emissions System Assembly
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Figure 342. Combustor Assembly

Combustor Housing Assembly (Figure 343) — The combustor housing assembly is a sector made
of 321 or 347 stainless steel. This assembly consists of a front mount plate, an aft mount plate, an
inner and outer housing and aleft and right sidewall. Thishousing enclosesthe combustor assembly
and is mounted to the large aft plate by bolts. Six water-cooled fuel nozzles are bolted to the outer
housing and extend into the combustor housing. Six pilot fuel injectors and mounted to the OD
housing. A diffuser housing is bolted at the front, inside of the combustor housing.

Prediffuser Inlet Assembly (Figure 344) — Thisis a bolted assembly consisting of a bellmouth
sector, an inlet profile plate, and a prediffuser inlet channel. All parts are manufactured from 316,
321 or 347 stainless steel. This assembly is bolted to the small forward plate that is then bolted to
the front flanges of the combustor housing.

Rig Inlet Duct Assembly (Figure 340) — Therig inlet duct assembly is 24 inches long and made
of 321/347 stainless steel. It is a rolled cylinder of 5/16-in plate with circumferential flanges
butt-welded to each end. A circular ring iswelded to the OD of the duct at the center for added hoop
strength. Two lugs are welded to the top of the duct for lifting the duct assembly.

Exhaust Duct Assembly — The exhaust duct (SKR5806) is 33.172-in long and made of 321/347
stainless steel. The duct isacylinder rolled and welded of 0.5-in plate with a41.95-in OD. Circum-
ferential flanges are butt-welded on each end of the duct. For added hoop strength, a circular ring
isfillet-welded to the cylinder OD at the center of the duct. Two lugsarefillet welded to thetop with
1.5-in diameter holes in each lug for lifting the duct assembly. Thirty-six 0.375-in diameter bolts
equally spaced attach the forward flange to the aft rig plate (SKR5817). Sixteen 0.375-in diameter
bolts equally spaced attach the aft flange to the support cone (XR-561830).
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Figure 343. Combustor Housing Assembly
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Figure 344. Prediffuser Inlet Assembly

Forward Duct Assembly (Figure 345) — The forward duct assembly isacylindrical duct 31.213
incheslong and 27.75 inchesin diameter. Circumferential flanges are butt-wel ded to each end of the
duct. Theforward flange hassixteen 0.5-in diameter boltsequally spaced, and theaft flange has sixty
0.25-in diameter bolts for mounting the assembly. At the center of the duct, a360° ring isweld into
the center of the duct for added hoop strength. A lift lug is welded to the top of the stiffening ring
for lifting the assembly. All parts are made from Inconel 625.

Rig Externals (Figure 346) — Six main fuel injectors are mounted to the OD housing using shims
for positioning. Ten main fuel manifolds are connected to the injectors by jumper tubes supply the
main fuel injectors. The jumper tubes and manifolds are 0.028-in wall AMS 5557 stainless steel
brazed tube assemblieswith 37° type cone seat fittings. Themaininjectorsare cooled by two 0.75-in
diameter manifolds providing supply and return water to and from the main injectors through
0.375-in diameter jumper tubes. The cooling manifolds and jumper tubes are 0.028-in wall AMS
5557 stainless steel brazed tube assemblies with 37° type cone seat fittings. Six pilot fuel injectors
mounted directly to the combustor assembly outer housing are supplied by one 0.75-in diameter fuel
manifold. The pilot injectors are connected to the pilot fuel manifold by 0.375-in diameter jumper
tubes. The pilot fuel manifold and jumper tubes are 0.028-in wall AM S 5557 stainless steel brazed
tube assemblieswith 37° type cone seat fittings. Five sheet metal brackets mounted to the combustor
assembly outer housing support the pilot fuel manifold, cooling water manifolds, and main fuel
manifolds. The brackets are constructed of 0.125-in thick Inconel 625 (AMS 5599) with welded
gussets. All fuel manifolds include a port for N» purge. The end fittings on the pilot fuel manifold
and cooling water manifolds are configured differently to fool-proof assembly. A 3-in diameter
manifold provides cooling water to the emissions probe vane pack through 23 orifice fittings.
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Figure 346. Combustor Rig Externals
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Orifices are conservatively sized at 0.22-in diameter and may be reamed to a larger diameter as
required. Inletsto the manifold consist of five 1-in diameter fittings. The manifold isawelded tube
assembly constructed of 0.065-in wall, AMS 5557 stainless steel with 37° type cone seat fittings.
The manifold is mounted to the vane pack aft plate by three 0.078-in thick, Inco 625 (AM S 5599)
sheet metal brackets with welded gussets.

4.9.4 Sector Instrumentation

The planned instrumentation for the full-scale MRA sector is principally the same asthat presented
at the LPP/RQL downselect. The purpose of the instrumentation is to determine the inlet and exit
boundary conditions, evaluate sector rig performance, determine flowpath pressure drop, monitor
rig component temperatures and performance, and provide acoustic and structural information.

Instrumentation consists of an inlet pressure rake and an exit emissions rake. The exit emissions
probes are integrated in a combustor vane pack that extends the width of the combustor exit,
providing uniform back pressure and better simulating the first row of turbine vanes. Emissions
measurements will be used to calculate flame temperature (Tj).

Static pressuretapswill be placed at critical pointsintheflowpathto determinediffuser performance
andflow uniformity (Figure 347). Further, additional static pressureswill bemeasured inthecooling
passages of the liners. This information will be used to help determine the accuracy of the heat
transfer parameters used to design rig cooling.

Thermocouples will be placed in the flowpath at several locations to help monitor the rig perfor-
mance. Ten platinum-platinum/rhodium thermocoupl es are to be placed in the combustor flowpath
to assure that the combustor islit as required by the facility safety guidelines. Thermocouples will
also be placed on the liners and bulkheads to monitor durability and measure cooling performance
(Figure 348).

Dynamic pressure measurements will be taken to observe combustor dynamic performance. Mea-
surementswill be made in the cavity upstream and the cavity downstream to give boundary condi-
tions, after the prediffuser, in the combustor and at the combustor exit. In addition, strain gageswill
beinstalled on the fuel struts, the pilot stem, and between the IMFH tubes (Figure 349).

4.9.5 Test Rig and Facility

Design Requirements— Thisrig is designed to be assembled and tested at the Middletown X960
facility. Therig sitsinside a 6-ft diameter pressurized housing provided by thefacility called therig
“capsule.” Thecapsuleispressurized with 100° to 300°F air maintained at 10 psi abovethe combus-
tor inlet pressure. This eliminates the need to design the combustor and diffuser casesto handlethe
high-pressure loads seen in actual engine parts.

The air feeding the combustor is transitioned to the 75.35° sector with a bellmouth inlet followed
by aconstant-areainlet channel. Profile control platesto achieve aflat, OD-peaked, or other profile
can be placed between the bellmouth and the inlet channel.

Rig Assembly — The rig can be seen in Figure 345 (page 273) as assembled in the facility. Therig
attaches to the facility housing and is supported by the rear support cone.

Facility Hook-Ups— The facility will provide thirty 3/8-in AN connections to provide fuel to the
main fuel injectorsand six 3/8-in connectionsto providefuel to the pilot fuel injectors. Further there
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Figure 347. Location of Rig Flowpath Static Pressures

Number of Circumferential Locations in Parentheses

22,

A (4) Left and Right Sidewalls Top
A (2) Left and Right Sidewalls Bottom (Not Shown)

Figure 348. Location of Liner/Heat Shield Thermocouples
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Figure 349. Location of Dynamic Pressure Measurements

are six supply and six return 3/8-in AN connections to be made to provide adequate cooling to the
main manifold. The supply and return fittingswill be of opposite type to ensure proper installation.

Exhaust Cooling — A series of spray rings to cool the exhaust prior to reaching the back-pressure
control valve are included in the X960 facility. Since the emission-probe cooling water will be
sprayed into the exhaust stream, some or most of these spray rings may not be required. The exhast
temperature will be monitored and controlled by the test facility group.

Fuel Control — Eleven independent fuel controls are required for running the full-scale sector rig.
The flow requirements and control method have been communi cated with the X960 facility engi-
neers. Currently the new valves and control system required has not been specified or ordered.

Emissions System —Dueto the highly staged nature of the L PP combustor, ahigh-density emissions
measuring vane pack has been designed. Thetest facility will need to be able to measure 98 sample
pointsindividually or ganged in radial or circumferential combinations. Thisability will require 98
new solenoid valves, a mixing chamber, a draw-down pump, and control system.

4.9.6 Sector Test Plans

A plan for the full-scale sector testing was presented at the detailed design review. The goals of the
test plan areto evaluate and verify the performance, emissions, operability, and structural integrity
of theconcept. Thedatafrom thetest plan will be used asadatabasefor optimizing control schedules
and will be used to scale the full-annular combustor.

That plan is still considered acceptable for future tests. Over 1200 test points were proposed —
which would require considerable time and expense to obtain. The plan will be modified to meet
testing and budgetary constraints using best engineering judgement as additional information and
experience with the rig become available.
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The plan objectives are outlined in Table 47. All the flight points are tested at nominal conditions,
with excursionsinfuel/air ratios and accompanying staging taking placefor all the LTO conditions,
nominal subsonic cruise, and nominal supersonic cruise. Additionally, excursions in T3, P3, and
AP/P will be performed at the 5.8% thrust LTO, 100% thrust LTO, and nominal supersonic cruise.
Radial and circumferential profileswill be measured for all thefuel/air excursions. Particulateswill
be measured for 5.8% thrust LTO, 100% thrust LTO, nominal subsonic cruise, and nominal super-
sonic cruise.

Exit radial profileswill be taken by ganging the probes by row. Circumferential profileswill gang
the probestogether by rake. Probe by probe mapswill be madefor the 5.8% thrust LTO, 100% thrust
LTO, nominal subsonic cruise, and nominal supersonic cruise conditions as well as the 15% thrust
LTO and the 34% thrust LTO conditions.

Table 47. Summary of Planned Test Points

Excursions Profiles
Condition Nominal fla T P, AP/P Staging Radial | Circumferential Particulates

5.8% Thrust LTO X X X X X X X X X
15% Thrust LTO X X X X X

34% Thrust LTO X X X X X

65% Thrust LTO X X X X X

100% Thrust LTO X X X X X X X X X
Nominal Subsonic Cruise X X X X X X
Start Subsonic Cruise X

End Subsonic Cruise X

Nominal Supersonic Cruise X X X X X X X X X
Start Supersonic Cruise X

End Supersonic Cruise X

4.10 Remaining Challenges

Several challenges remain in the development of aviable combustor for an HSCT engine. Testing
of the full-scale MRA sector described in the previous subsection will clearly provide important
information regarding emissions and operability. Every effort has been made to ensure that the
design will be successful. Althoughiitisfully expected that the design will meet all criteria set forth
in the program guidelines, the scale-up has the potential to impact the combustor performance and
make it fall short of requirements. In addition to the scale-up concerns, potential problems with a
full-annular design may be encountered when it is placed in an engine, and the future impact of any
changesto the engine operating requirementsmust al so be considered. These concernsare addressed
in the following subsections.

4.10.1 Performance Impact of Hardware Scale-Up

The LPPMRA concept was successfully demonstrated in asector using asubscale design. Scale-up
of such adesign, although seemingly straightforward, does pose certain difficultiesand raise certain
concerns. A simple example of how direct scale-up can cause problems comesin comparing some-
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thing as simple as diameters and lengths: doubling a diameter causes area to quadruple; whereas
doubling alength only causes areato double. This can pose problemsin scaling hardware features.

The primary concern with scale-up isimpact on emissions. Because the entire combustion chamber
issignificantly larger, interaction effectsbetween the cyclone pilotsand the IMFH tubesarelesswell
understood. Depending on how well the cyclone vortex and the main IMFH air flows interact, the
potential for ground idle CO and supersonic cruise NOx to increase are very rea. Additionally,
significant concerns exist over the emissions from the scaled-up IMFH’s and the pilots themsel ves.
During development, it was not clear if the appropriate levels of premixing and prevaporization
could be achieved in the larger hardware versions. Subcomponent development and testing indi-
cated that not only could emissions levels be maintained, they could actually be reduced at some
operating conditions, relativeto subscal e counterparts, through additional designimprovements. An
additional concern that impacts emissionsisfuel staging. If the scale-up were to impact the number
of fuel stages available and/or the points at which staging were to occur, emissions would have the
potential to increase. However, the staging scheme implemented in the full-scale design mimicked
the subscale design very well. Thus, based on subcomponent eval uations and the overall experience
gained in developing the concept, it is fully expected that emissions requirements will be met.

In terms of combustor stability, hardware scale-up may actually be an improvement. It was demon-
strated in subcomponent tests that the full-scale cyclone lean blowout improved significantly rela-
tive to the subscale design. On the other hand, the larger diameter IMFH tubes have the potential
to beless stable. However, it is anticipated that the hot gases from the pil ots should be able to offset
this situation. Lightoff and crossfiring are not expected to be any great concern, since the pilotsare
tightly packed and the rotational flowfields tend to promote crossfiring to adjacent pilots.

The impact of scale-up on exit profiles is expected to be minimal. The primary concern is realy
ground idleoperation, sincethe penetration depth of thelarger cyclonepilot isuncertain (mainly due
to uncertainty in thelevel of interaction with the IMFH crossflow). Should this pilot flow be unable
to penetrate sufficiently inward, it would result in significantly outer-peaked exit profiles. Knowl-
edge about the exit profiles will be obtained in the full-scale sector test.

Autoignition and flashback concerns had to be dealt with in scaling up the cyclone pilots. If the
subscal e cyclonedesign had simply been scal ed up, autoignition most certainly would haveresulted,
since the bulk residence time of the fuel/air mixture would have risen nonlinearly. The full-scale
design was modified to eliminate this problem. The IMFH tubeswere not of concern, sincethe bulk
residence time of the fuel/air mixture was unchanged (the tube length and flow velocity were
unchanged).

Cokinginthefuel supply linesand fuel injectorsisanother concernwith the scale-up. Becauselarger
fuel nozzleslead tolonger fuel tubesand passages, therisk of thefuel reaching undesirabletempera-
tures increases. High fuel temperatures lead to coke formation, which has the potential to block
passages. Thus, thefuel nozzlewasredesignedtoimprovethermal protection of thefuel. Additional -
ly, the scal e-up actually hel ped improvetheeffectivenessof thecoolinginthestinger tip, sinceactive
fuel cooling could be implemented. The subscale stingers had been too small to add such afeature.
Thus, although coking remainsageneral concern, scale-up of thefuel systemisnot expectedto cause
problems worse than the subscale design, and scale-up actually reducesrisk in the fuel injector tip
design.

Acoustics remain one of the primary concerns with the MRA system. Because acoustics are im-
pacted by chamber size (in addition to a multitude of other parameters), it is expected that the
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frequencies and amplitudes of the full-scale design will be different from the subscale. These must
be monitored closely to ensure that hardware is not damaged during the sector test. In addition,
improved tool sto predict acoustics ought to be devel oped. Availabletoolsarevery limited and often
do not perform well. Typically, they are capable of predicting frequencies fairly accurately, but
amplitudes remain a significant problem.

Most of these concernswill be addressed when thefull-scale MRA sector istested. Notethat further
changesto the overall engine size would require additional development in each of the af oremen-
tioned areas prior to implementation in an engine.

4.10.2 Mechanical Impact of Hardware Scale-Up

In addition to performance considerations, scaling up hardware introduces mechanica concerns.
Thefirst is obviously packaging all the subcomponents given specific combustor and engine case
diameter and length limitations. This often arises because of nonlinear scaling but can also result
from increased minimum metal thicknesses as part sizesincrease.

Larger pieces of hardware also introduce mechanical and thermal stress concerns. Vibration modes
are altered; sufficient cooling becomes more difficult; tolerances, clearances, and positioning be-
come more challenging; and increased stress |oads must be dissipated. The best example of thisis
the combustor liners. Ideally, a single piece could be used, but tremendous stress loads have the
potential to induce cracking. Thiswas onereason for using segmented linersin the full-scal e sector.

Oneoften overlooked concernisthat simplefabrication of scaled-up hardware becomessignificant-
ly moredifficult and costly. Raw material suppliersaremorelimited, and customized parts, fixtures,
and other equipment become necessary. Parts rapidly grow beyond current casting capabilities.
Machining requires larger, specialized equipment. And larger parts often distort, leading to clear-
ance and positioning problems during assembly and repair. Each of these must be considered in
designing such alarge device.

4.10.3 Operability and Acoustic Control in a Full-Annular System

As indicated above, scale-up of the MRA design introduces multiple concerns for the sector. In
addition, implementation in a full-annular system must be considered. The primary concern in
transitioning from a sector to a full-annular combustor is acoustics. A full-annular system is ex-
pected to demonstrate acoustic amplitudes and frequencies somewhat different from those in a
sector because some of the sector acoustic modes result from the presence of sidewalls, which are
obviously not present in a full-annular system. In addition, features upstream and downstream of
the combustor itself are different in a sector and an engine. Such features can impact the acoustic
boundary conditions and frequencies observed in the combustor.

Acoustic control in the sector testsrelied mostly on introducing nonuniformitiesinto the flowfield.
This was usually accomplished by changing the pilot fuel/air ratio relative to the main stages.
Unfortunately, this has the potential to impact emissions, although the magnitude tended to be
relatively small and was dependent on the operating conditions and the staging configuration at the
time. A possibleaternativewould bethe addition of acoustic baffles, which are often used inrockets
to help mitigate dynamics. However, these are rarely used in aircraft engine applications because
of the weight penalty. Additionally, unlike rockets, aircraft engines operate over a wide range of
cycle conditions with each flight. Thisleads to changesin the acoustic frequencies and amplitudes
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as cycle conditions change, limiting the effectiveness of the bafflesto only certain operating condi-
tions in the flight envelope. This would be unacceptable for practical applications.

4.10.4 Design Robustness in Engine Dynamic Environment

In addition to the problems that may arise in transitioning from a sector to a full-annular system,
other concerns are added when that full-annular system is placed into an actual engine. These result
from the transients required for an aircraft to take-off and land. Additionally, the accelerations and
decelerations occur at different rates aswell as at different operating conditions in the flight enve-
lope. Thisintroduces additional dynamic stress |oads and vibrations that are not typically encoun-
tered in a static sector test. The hardware must be designed to withstand this severe environment.

Reverseflowsresulting from acoustics or acompressor stall can lead to hardware damage. Not only
can hot combustor gases flow backwards through the IMFH tubes (and potentially the pilots), but
cooling flows can reverse, causing metal temperaturesto riserapidly. Fortunately, the L PP transient
sector tests demonstrated that the IMFH and cyclone mixers were able to rapidly clear themselves
without damaging the hardware in the presence of such a reverse flow event. Thus, the overall
robustness of the design in this scenario has already been demonstrated at a subscale level. The
full-scale designs are expected to provide similar robustness, although additional transient testing
is recommended prior to implementation in an engine.

4.10.5 Changes to the Operating Cycle

Prior discussions focused on theimpact of scaling the combustor and the transition from a sector to
a full-annular system capable of being used in an engine. This final subsection will address the
impact of changes to the engine operating cycle, should they be made at some point in the future.

Changesto the engine operating cycle would clearly impact the pressure (Ps, P4), temperature (T3,
Ty), air flow (Wg3, Wazs), and fuel flow (Wys3g) entering and exiting the combustor. The impact is
dependent on the conditions that actually change, the direction they are changed (higher or lower),
and the magnitude of the change. Additionally, operation would be impacted differently at each of
the different engine operating conditions.

At low power, increasing pressure and/or inlet temperature would tend to improve lean-blowout
margin, reduce CO and hydrocarbon emissions, and improve combustion efficiency. On the con-
trary, since ground idle EICO is already moving along the equilibrium line, increasing T4 at the
current inlet pressure and temperature (that is, increasing the flame temperature) would actually
increase EICO, reducing combustion efficiency. Autoignition, fuel coking, and hardware cooling
effectiveness are of limited concern at low-power conditions. Proper design of these features at
higher power conditions ensures adequate operation at |ow power.

It isdifficult to determine how intermediate power emissions would be impacted by changesto the
operating cycle, sincethe number of fuel stagesavailable and the fuel-staging points selected for the
combustor greatly impact the resulting emissions. It is expected that intermediate-power emissions
would not be significantly altered, assuming fuel staging could be adjusted appropriately. Aswas
the case at low power, autoignition is of limited concern at these operating conditions. Fuel coking
becomes more of aconcern but (like emissions) isafunction of the fuel staging selected. In general
astemperatures, pressures, and air velocities increase, it becomes more difficult to protect the fuel
from the resulting heat load, increasing the risk of coking. Hardware cooling effectiveness also
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becomes a concern at high-temperature, low-pressure conditions (such as decel eration from super-
soniccruise). Similarly, if thecycleischanged such that temperaturesrise and pressuresfall, cooling
becomes more difficult. Thus, as these parameters are changed the percentage of the total air flow
required for cooling must be altered accordingly to prevent hardware damage. Thisair must betaken
from the primary combustor (reducing Wsg for a given W3), which is undesirable.

At high power, increasesto T4 (viahigher flametemperatures) would certainly result in higher NOx
emissions. In general, NOx would also be expected to increase as pressure increased, although
subcomponent IMFH and cyclone pilot development seemed to suggest otherwise. Autoignition
becomes a primary concern at these conditions, and subcomponents would have to be redesigned
iIf pressuresand temperaturesweretorise. Fuel coking remainsaconcern astemperatures, pressures,
and air velocities increase, increasing the heat |oad. One advantage, however, isthat at high power
all stages are flowing fuel, reducing the risk of coking in nonflowing passages. Unfortunately,
reducing power (by turning off stages) at these el evated-temperature conditions poses the greatest
coking risk in the flight envelope and must be addressed. As was the case at intermediate power,
hardware cooling effectiveness remains a concern as temperatures rise and pressuresfall. Thus, as
these parameters change, the percentage of the total air flow required for cooling must be altered
accordingly. Again this air must be taken from the primary combustor (reducing W3 for agiven
W3), which is undesirable.

In general, changing the operating cycle can have far-reaching impact. Changes to the size of the
overall combustor could be required. Changes to the size, and potentially quantity, of the IMFH
premixers and cyclone pilots could be necessary. M odifications to the number of fuel stagesand to
the points at which fuel staging occurs are also likely. Acoustic frequencies and amplitudes would
likely change as well but could either get better or worse at any particular operating point. Fuel
coking and hardware cooling effectiveness would have to be addressed at intermediate- and full-
power conditions. Autoignition would be of primary concern only at high power, and subcompon-
ents would have to be designed to these conditions. Thus, changes to the engine operating cycle
clearly have the potential to require a significant amount of combustor redesign before one could
be placed in an engine. Additional subcomponent development and sector or full-annular tests
would likely be necessary to verify that the modified design meets operational requirementsand is
still commercially viable.
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